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PREFACE 


The  threo-foUl  inrrea«  •  in  the  wpiKht  of  railway  liwomotives  ami  cars  in 
the  paat  thirty  ycaw  haM  been  arcoinpanicti  liy  no  progresnivc  i  ni  prove  men  t 
in  the  triannuintion  of  the  trujw  frame  to  Mup|Mirt  thin  inerea-secl  loading. 

InveMtigHtiun  of  the  precise  nuniln^r  ami  form  of  the  trianKulur  frameit 
whifh  should  l»e  combined  in  a  truiw  to  secure  the  maximum  ntiffneM«  and 
minimum  wcinlit  ha.-*  Imimi  given  no  n<iticealile  constideration  heretofore 
from  the  theoretical  Htandpoint. 

The  followinK  discui^-nion  will  l»c  directed  tf>ward  elucidation  of  the  under- 
lyinjs  principles  of  economic  dcMign  and  the  application  of  those  principlej* 
to  a  sufficient  lange  «if  span  lengths  to  show  a  curve,  page  57,  indicating  the 
reduction  <»f  weight  effected  by  their  application. 

The  indicated  ri'duction  in  cost  of  the  ordinary  railroad  truss  bridge  18 
-o  great  that  it  should  appeal  to  those  in  charge  of  the  improvement,  l>ctter- 
ment  and  maintenance  of  our  railroads,  particularly  so  hccaus!-  accompanied 
by  a  large  increase  in  rigidity  and  correspondingly  redm cil  niMiiitenance  and 
increased  life  of  the  britlge. 

The  reduction  in  cost  through  re<luce<l  weight  is  enlarged  by  the  use  of 
fewer  joints,  re<luced  field  riveting,  simplificati«in  of  the  joints  by  the  uni- 
formity of  the  sections,  rt'duction  of  the  number  of  different  pieces  to  handle, 
thereoy  simplifying  and  reducing  the  cost  of  shop  work  and  erection. 

Economic  bridge  design  is  so  far  removed  from  an  exact  s<'iencp  that  the 
ideas  of  what  should  be  the  weight  of  long  simple  spans  varies  between 
different  enginwrs  from  50  to  KM)  iM»rcent  as  iniiicated  by  the  <liscussion 
Trans.  Am.  Soc  ('.  K.  1922.  i>age  9I»5.  where  Mr.  Steinman  states  his  careful 
estimate  (»f  a  simple  775-ffM)t  span  basiMl  on  detail  calculations  of  all  sections 
under  the  .\.  U.  K.  A.  spe<'ificati«nis  shows  a  weight  per  lineal  foot  of  23,000 
|H*unds,  while  the  writer  estimates  the  weight  of  twti  similar  spans  at  half  that 
amount.  Mr.  Lindenthal  in  the  same  pap?r  believ.>s  a  two-span  con- 
tiiiiii.iis  truss  .saves  20  |>crccnt  over  two  simple  spans,  whereas  the  author 
that  the  r.iiitiiiu'ni-.  trii->  >p:uis  are  40  |H*reent  hcMvicr  tlian  two  simple 
^houltl  Ih'. 

This  divergence  in  weight  is  n«jt  to  be  wondered  at  when  we  consider  the 
.\.  R.  K.  A.  specification  in  its  broader  aspects,  to  wit:  The  depth  of  trusses 
shall  not  l>e  less  than  one-tenth  of  the  span,  .Vrt.  51.  Art.  12,  panel  lengths 
shall  not  exceed  I J4  times  the  width  center  to  center  of  trusses.  Now  the 
eccmomic  |)ro|Nirtions  for  even  the  200-feet  through  span  are  2,'2  times  as 
great  as  the  limitations  of  this  specification. 

Again,  the  (piality  of  the  steel  in  our  A.  R.  K.  A.  specification  has  ex- 
hibite<l  under  test,  lower  compressive  resistance  than  that  of  wrought  iron 
in  use  thirty  years  agi*  and  worm?  than  that  it  has  been  found  to  fail  suddenly 
in  Howard's  tests  of  full  si«e  columns.  A  better  gra<le  is  called  for  under  the 
specifications  given  in  the  apjM>ndix,  in  which  a  definite  discard  i.s  re(|uired 
and  the  method  of  determining  an  excess  over  the  tolerance  limits  of  the 
deleterious  elements,  phosphorus  and  sulphur,  is  s|M>cified  in  such  wise  that 
the  M(>arch  will  Im*  c«»nducted  (if  the  excess  exists)  with  a  better  chance  of 
•.ucci^Hs  than  that  for  the  proverbial  nee<lle  in  a  hay  stack.  In  this  general 
sfwcification,  the  rules  of  design  are  given  so  concisely  under  the  heading 
of  pro|M)rtion  of  parts  that  :t  iiim  -page  index  will  not  l)C  needed  to  find  the 
rf<|uirements. 

The  difficulty  with  a  t<M>  general  sm'cification,  to  wit,  one  that  endeavors 
til  sfKH-ify  a  structure  that  mav  be  eitlier  pin  connected  or  riveted,  lies  in  the 
fact  that  these  different  kinds  of  construction  are  not  analogous  and  the 
mixture  of  anti|M>dal  re<|uirements  for  the  «liffcrent  ty|>es  is  productive  of 
iMtth  ctmfusion  and  waste. 

.\  general  analysis  of  one  or  two  long  span  structures  is  presented  in  the 
cloting  chapter  with  an  indication  of  what  might  have  been  accomplishetl 
liail  there  In-en  a  bniader  invcsligiition  along  practical  lines  to  secure  the 
moot  economic  and  rigid  structure  possible  for  the  location  in  hand. 

C.  A.  P.  TI'RNKR, 

Minneapolis,  August,  1924. 
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CTTAPTKU  XXIII 

RAILROAD  BRIDGES 

Live  Load,  Impact,  Dead  Weight,  Wind  Strain 
and  Aesthetic  Design 


1.  Introductory:  Preliminary  to  the  design  of  any  frame  the 
service  which  it  is  to  render,  the  live  load  and  its  manner  of  appli- 
cation must  first  be  known  or  determined.  Then  the  sections  nec- 
essary to  carry  the  live  load  may  be  approximated  and  from  this 
weight  the  additional  areas  required  by  the  structure  to  safely 
maintain  ita  own  weight  can  be  approximately  determined  and 
the  final  desijjn  worked  out. 

The  r^ison  d'etre  of  the  present  forms  of  bridge  structures  may 
well  be  investigated  from  a  historical  review  of  the  requirements  of 
railroad  bridges  and  the  origin  of  present  practice  as  a  background 
for  the  critical  analysis  of  their  substantiality  and  econoniie  merit 
on  the  one  hand  or  imperfections  on  the  other. 

2.  Historical:  Commencing  with  the  age  of  steel,  thirty -five 
years  ago,  the  average  locomotive  used  on  American  railways  was 
less  than  one  hundred  tons  in  weight.  Thus,  the  old  standards  of 
the  Edgemoor  Bridge  Works  of  that  period  show  tabulations  for 
Cooper's  Class  A  consolidation  locomotive  weighing  853^2  tons;  his 
ClaasB  wasSOH  tons;  his  extra  heavy  A  104  tons;  Wabash  Railroad 
had  an  88-ton  typical  engine  loading;  the  Pennsylvania  Railroad 
903^  tons  Class  R;  the  New  York  Lake  Erie  &  Western  91  tons; 
while  the  coal  carrying  roads,  Lehigh  Valley  and  Philadelphia 
Reading,  had  125-ton  engines. 

As  the  mechanical  departments  of  the  railroads  brought  out 
newer  and  heavier  engines,  placing  the  drive  wheels  a  few  inches 
nearer  together  or  one  and  two  feet  further  apart,  the  laborious 
^K^computation  of  moment  diagrams  for  these  minor  variations  in 
Bpwheel  loads  specified  was  performed  by  each  bridge  coinpiny  lid- 
ding  on  the  work  and  the  labor  involved  in  the  preparation  of  in- 
numerable standards  of  this  kind  was  enormous  and  a  most  uncalled 
for  waste. 

In  1894,  Mr.  Theodore  Cooper  propo.scd  a  ctinipronusc  standard 
tyi)e  of  loading  consisting  of  two  consolidation  engines  coupled 
together  with  an  K  classification  based  on  the  numerical  kip  weight 
of  the  driving  wheels.  That  is  an  E  30  Engine,  weighing  100  tons, 
would  have  30,000  pounds  on  each  of  the  four  pairs  of  drive  wheels; 
and  an  E  40  would  have  40,000  pounds,  an  E  50  would  have  50,000 


2  LocoMOTivK  Loading 

pounds.  At  the  time  this  compromise  standard  was  proposed  an 
E  40  was  presumed  to  be  heavy  enough  to  meet  future  requirements. 
Today  E  60  has  been  adopted  by  the  A.  R.  E.  A.  and  some  have 
proposed  to  increase  the  E  60  or  substitute  other  and  different 
generahzed  loadings. 

In  the  accompanying  cut  reproduced  from  Mr.  Steinman's  paper 
in  the  Transactions  of  the  American  Society  C.  E.,  1920,  page  606, 
Cooper's  E  60  loading  is  shown  together  with  the  heaviest  Mallet 
or  other  type  engines  now  in  existence.  The  upper  diagram  shows 
the  variation  in  maximum  moments  expressed  in  percentages  of 
Cooper's  E  60  loading.  The  lower  two  diagrams  show  the  floor 
beam  reactions  and  end  shears  plotted  from  the  same  base  line. 

The  diagram  shows  that  for  spans  over  100  feet  the  maximum 
moments  exceed  Cooper's  E  60  but  little;  that  for  panel  lengths  of 
40  feet  and  over  the  beam  shears  and  end  shears  exceed  those  given 
by  Cooper's  loading  but  a  small  amount. 

The  divergence  in  moment  between  the  Mallet  type  and  the 
Cooper  E  generalization  of  locomotive  loading  lies  in  the  bringing 
together  of  the  groups  of  heavy  wheel  load  concentrations  rather 
than  a  material  increase  in  the  total  maximum  load  for  considerable 
span  lengths. 

Now  such  variation  is  material  to  shorter  spans  only  as  disclosed 
by  the  upper  diagram.  We  will  accordingly  investigate  this  dis- 
crepancy by  plotting  a  curve  of  equivalent  uniform  load  with  the 
Cooper  Class  E  60  and  noting  its  peculiarities.  Such  a  curve  is 
shown  in  the  accompanying  figure  on  page  8. 

For  both  the  reactions  and  moments,  it  will  be  observed  that 
the  curve  runs  with  substantial  uniformity  from  160  to  800  feet  and 
it  decreases  according  to  a  regular  law  from  10  feet  down  to  30  feet 
when  there  is  a  divergence  from  regularity  because  concentrations 
arranged  as  in  the  Cooper  E  loading  cannot  occur  in  such  wise  as 
to  give  a  regular  gradation  of  equivalent  uniform  loading  with  the 
increase  in  span.  This  divergence  in  the  regularity  of  the  curve 
of  uniform  loading  has  been  rectified  in  the  full  line  of  the  diagram, 
the  dotted  line  showing  the  variations  due  to  the  particular  spacing 
of  the  group  of  wheels  relative  to  the  span  length.  By  correction 
of  this  irregularity  an  equivalent  load  standard  is  presented  which 
with  continuous  stringers  is  ample  for  any  present  day  loadings 
when  the  impact  is  given  rational  consideration. 

3.  Conventional  Uniform  Load  is  the  treatment  of  a  uni- 
form load  as  tho  concentrated  at  the  panel  points  and  the  analysis 
of  live  load  stress  by  this  conventional  method  consists  in  applying 
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4  Conventional  Uniform  Load 

this  panel  load  consecutively  on  panel  points  from  one  end  of  the 
bridge  to  the  other.  This  conventional  method  results  in  the  same 
computed  stresses  for  chord  members  as  tho  the  load  were  treated 
by  an  exact  method  and  a  slight  excess  for  web  members  on  the  side 
of  safety.  For  the  design  of  a  camel  back  truss  it  permits  the  use 
of  the  simple  coefficient  shear  diagram  requiring  check  of  only  one 
member  to  substantiate  the  accuracy  of  all  the  coefficients  graphi- 
cally determined.  Therefore,  the  method  is  ideal  in  its  simplicity 
and  numerous  suggestions  have  been  made  for  the  application  of 
this  method  to  the  railroad  bridge  truss  in  place  of  the  complicated 
wheel  diagram. 

The  unscientific  manner  of  presenting  the  equivalent  uniform 
load  method  is  accountable  for  its  lack  of  general  adoption.  Thus 
if  an  equivalent  uniform  load  be  determined  for  the  chords  for  a 
given  span  length,  the  web  members  computed  for  this  uniform 
load  in  the  conventional  manner  will  present  stresses  smaller  than 
computed  for  the  engine  loading  and  because  the  lighter  web 
members  will  be  the  first  to  be  over-strained  by  an  increase  in  load- 
ing this  method  was  insufficient.  But  such  is  not  a  scientific  method 
of  application  of  the  equivalent  uniform  load  diagram. 

4.  A  Rational  Equivalent  Uniform  Load  may  be  determined 
from  the  curve  of  the  diagram  by  taking  that  uniform  load  for 
computing  the  panel  concentration  for  a  span  equaling  the  length 
of  the  loaded  segment  for  the  stresses  in  the  web  members.  Then 
treating  this  load  in  the  conventional  manner  the  web  stresses  will 
agree  closely  with  those  for  the  wheel  load  diagram  for  trusses  of 
five  or  more  panels  or  exceed  the  web  stresses  for  a  smaller  number 
of  panels,  so  that  it  is  always  on  the  safe  side,  its  divergence  from 
the  computed  wheel  load  stresses  is  in  general  negligible  and  the 
work  of  computation  may  be  performed  in  less  than  one-tenth  the 
time  with  reduced  chance  of  error  because  of  the  simplicity  of  the 
procedure. 

Suppose  for  example  we  have  a  five  panel  200-foot  span.  The 
live  load  on  the  first  panel  for  web  stress  would  be  taken  at  9,500 
pounds  per  lineal  foot  from  the  diagram;  when  two  panels  are 
loaded  there  would  be  80  feet  of  load  and  the  uniform  live  load  per 
lineal  foot  from  which  the  panel  concentrations  are  figured  would 
be  taken  as  8,500  pounds  from  the  *diagram.  In  like  manner  when 
three  panels  are  considered  fully  loaded  the  panel  concentrations 
would  be  figured  at  8,000  pounds  a  foot.  For  160  feet  loaded  it 
would  be  7,500  pounds.     The  method  gives  a  very  close  approxi- 

•See  Page  8  for  diagram 
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mation  to  the  engine  loading  because  the  shear  at  the  left  when  the 
load  comes  on  from  the  right  is  the  moment  of  the  loaded  segment 
times  its  distance  from  the  right  abutment  divided  by  the  span 
length. 

The  following  table  for  determining  the  shear  due  to  equivalent 
uniform  load  is  computed  taking  this  uniform  load  as  that  for 
the  segment  of  the  span  up  to  the  center  of  the  panel  before  the  Hve 
load  has  passed  the  center  of  span  and  after  passing  the  center  up 
to  the  prfMM'ding  panel  point. 
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No.  of 
Panels 

Panels 

Exact 

Equiva- 
lent 
Uniform 
Load 

Exact 

Equiva- 
lent 
Uniform 
Load 

Exact 

Equiva- 
lent 
Uniform 
Load 

26' 

26' 

30' 

30' 

35' 

36' 

4 

L'L« 
L«L» 

73.5 
22.0 

88.2 
25.6 

81.9 
24.3 

95.6 
41.2 

119.5 
45.2 

h 

L'L« 
L»L» 

120.1 
66.3 

127.0 
70.5 

136.8 
63.4 

143.0 
75.5 

155.4 
72.9 

161.6 
87.6 

6 

L«L» 
L»L» 
L»L« 

156.5 
97.8 
46.7 

165.1 

105.9 

55.2 

188.0 

110.9 

60.9 

191.1 

119.2 

61.8 

212.7 

126.1 

69.1 

221.6 

134.4 

69.8 

7 

L'L» 
L»L« 
L»L« 
L«L» 

211.1 

141.1 

81.9 

38.6 

213.0 

143.0 

90.7 

47.3 

237.5 

158.3 

93.4 

42.7 

242.6 

163.8 

99.5 

63.0 

268.8 

179.5 

106.6 

49.8 

277.6 

190.0 

115.2 

69.8 

ft 

L'L« 
L»L» 
L»L« 
L«L» 
L»L» 

253.9 

182.7 

121.7 

70.0 

33.1 

255.9 

186.4 

125.1 

77.0 

41.4 

285.8 

204.9 

136.9 

80.3 

36.9 

290.3 

212.2 

143.4 

87.1 

46.4 

324.0 

232.7 

155.1 

92.0 

42.2 

328.4 
251.8 
166.2 
100.8 
62.3 

9 

L'L« 
L»L» 
L»L« 
L«L» 
L»L« 

296.0 
224.0 
160.9 
106.7 
61.H 

298.0 
227.5 
105.6 
111.1 
70.6 

333.3 
251.4 
180.7 
120.4 
70.1 

333.6 
262.0 
188.7 
127.3 

77.4 

378.6 
285.8 
204.6 
136.8 
78.6 

379.0 
286.6 
212.8 
147.3 
89.6 

6  Impact 

It  will  be  noted  that  the  equivalent  uniform  load  method  gives 
shears  closely  approximating  those  for  the  engine  diagram  for  the 
main  diagonals  and  exhibits  a  slight  excess  for  counters  which  if 
made  of  stiff  members  would  not  alter  the  sections  at  all.  Hence 
the  method  is  practical,  gives  values  on  the  side  of  safety  and  is  a 
time  saving  device :  The  computation  has  been  carried  out  for 
trusses  of  from  four  to  nine  panels.  The  exact  shear  by  the  engine 
diagram  being  noted  in  one  column  and  the  corresponding  shear 
as  figured  by  the  equivalent  uniform  load  in  the  other  column. 

5.  Impact:  Impact  may  be  defined  as  an  allowance  to  cover 
the  suddenness  of  the  application  of  the  load  and  the  dynamic 
effect  of  unbalanced  driving  wheels,  the  lateral  effect  of  the  rotating- 
tendency  of  the  locomotive  about  a  vertical  axis  and  also  a  hori- 
zontal axis  under  the  alternating  thrust  and  pull  of  the  recipro- 
cating engine. 

The  mathematical  determination  of  the  rotative  couple  has  been 
treated  at  some  length  by  Weisbach  yet  its  precise  translation  into 
elastic  strain  is  too  complex  for  other  than  approximate  determi- 
nation. 

As  a  railroad  train  passes  over  a  bridge  structure,  a  certain 
element  of  time  is  required  to  overcome  the  inertia  of  the  mass  in 
producing  the  greatest  deflections  of  the  parts  and  of  the  structure 
as  a  whole.  The  greatest  elongation  under  tension,  or  deformation 
under  compression,  is  a  thermo-dynamic  function  such  that  the 
mechanical  energy  represented  by  the  transfer  of  the  kinetic  heat 
energy  of  molecular  vibration  in  the  resisting  metal  to  the  potential 
energy  of  deformation  of  strain  is  double  the  external  mechanical 
work  of  the  load  when  the  stress  is  tension,  and  the  reverse  when 
it  is  compression.  This  excess  energy  is  radiated  to  the  surrounding 
medium  or  the  absorption  of  heat  energy  from  it  takes  place. 
Accordingly,  there  is  an  instantaneous  or  kinetic  deformation  and 
a  static  deformation  which  involves  the  after  thermal  effect. 

The  relative  amount  of  energy  involved,  as  shown  by  Kelvin's 
thermo  dynamic  theory,  is  approximately  double  that  of  the  work  of 
the  external  applied  forces.  The  full  development  of  the  static 
deformation  requires  an  element  of  time,  which  in  connection  with 
overcoming  the  inertia  of  the  mass,  may  be  approximately  estimated 
at  1  second. 

If  the  train  is  traveling  nearly  60  miles  an  hour,  its  speed  may 
be  taken  at  100  feet  per  second,  and  the  vertical  impact  on  a 
member  would  approximate 
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A  +  lOO, 
in  which 

•L  =  live  load  stress;  (statically  determined). 
A  —length  of  track  loaded,  for  maximum  effect,  when  the  initial 
dead  load  stress  equals  zero. 

However,  if  the  member  is  under  dead  load  stress,  the  approximate 
vertical  impart  strain  would  equal 
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The  rolling  load  tends  to  set  up  structural  vibration  laterally 
as  well  as  vertically,  and  the  total  impact  is  the  resultant  of  the 
vertical  and  horizontal  effects  combined.  In  the  ordinary  pin- 
connected  bridge,  with  a  train  speed  of  about  60  miles  or  more  per 
hour,  the  lateral  impact  may  be  assumed  to  be  approximately  equal 
to  the  vertical  impact  effort.  Therefore,  the  formula  for  total  im- 
pact is 


I  =  L 
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The  vertical  effect  of  impact  would  vary  approximately  as  the 
spt'od  of  the  train,  whereas,  the  lateral  effect  would  vary  roughly 
as  the  square  of  that  speed.  Accordingly,  if  the  rational  impact 
allowance  of  the  high-speed  passenger  train  is  to  be  compared  to 
that  of  the  ordinarj'  freight  train,  which  travels  about  half  as  fast 
and  the  lateral  impact  of  which  would  be  one-fourth  as  great,  these 
formulas  would  immediately  reduce  to 
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It  therefore  appears  that  the  high  speed  passenger  train  impact 
for  a  Cooper  E  60  load  would  equal  an  E  75  loading  for  freight  train 
speed.  As  the  excessively  heavy  Malley  engines  are  not  used  for 
fast  paasenger  service,  there  is  little  call  for  change  in  the  present 
typical  engine  loading  when  coupled  with  a  high  speed  impact 
formula.  The  Cooper  generalized  standard  furnishes  a  uniform 
method  of  rating  the  capacities  of  bridges  which  is  of  no  small  value. 
In  fact,  it  requires  but  slight  rectification  of  the  irregularity  of  its 
curve  of  uniform  loading  to  render  it  sufficient  for  all  practical  re- 
quirements. 
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Impact  and  Dead  Weights 


For  range  of  stress  from  tension  to  compression,  or  vice 
versa,  the  first  momlx»r  of  the  formula  l)ecomes  unity  and  may  be 
disregarded  and  the  live  load  should  l>e  taken  in  determining  the 
impact  as  the  sum  of  the  tension  and  compression,  or  if  L^  =  the  com- 
pression and  /[.»=  the  maximum  tension  numerically,  then 


/  = 


(— ) 


y^{L.^L,) 


In  the  accompanying  chart  of  impact  formula  the  dot  dash 
curve  is  a  convenient  approximation  for  chord  memlx?r8. 

The  Schneider,  Waddell  and  the  later  A.  R.  E.  A.  formulas  are 
plotted  in  dash-dash  lines.  Each  of  the  latter  give  insufficient  values 
for  short  stringers  where  the  dynamic  effect  is  greater  than  100  per- 
cent. They  fail  to  differentiate  between  the  cases  of  negligible  dead 
load  on  the  one  hand  and  a  large  percentage  on  the  other.  In  the 
former  case  only  the  section  of  metal  provided  for  the  live  stress 
resists  impact  strain  while  in  the  latter  the  additional  section  pro- 
vided for  dead  load  stress  functions  pro  rata  in  its  limitation.  They 
are  further  deficient  in  provision  for  the  increased  impact  when  the 
range  of  stress  is  from  tension  to  compression.  A  consistent  curve 
of  variation  results  from  the  correction  of  these  deficiencies  in 
strong  contrast  to  the  OG  curve  with  the  present  A.  R.  E.  A.  speci- 
fication. 

For  double  track  bridges  these  impact  values  remain  the  same 
for  the  floor  system  but  should  be  reduced  to  70  percent  of  those 
for  the  single  track  bridge,  on  the  following  grounds: 

First,  that  it  will  rarely  occur  that  both  tracks  are  loaded  in  such 
wise  as  to  produce  the  maximum  figured  stresses.  Second,  even 
tho  they  are  so  loaded,  the  impact  vibration  of  the  two  train  loads 
would  interfere  rather  than  synchronize  in  such  wise  as  to  pro- 
duce a  maximum  and  for  these  reasons  an  allowance  of  70  per- 
cent of  the  impact  value  is  on  the  safe  side. 

6.  The  Dead  Weight  of  the  Structure  Varies  with  the  depth 
of  the  Hoor  .system,  economic  depth  of  the  trusses,  economic  ar- 
rangement of  the  panels,  and  the  type  of  structure. 

Evaluation  of  these  variables  will  he  undertaken  in  the  later 
chapters  but  for  the  present  article  the  dead  weight  of  structures 
built  in  accordance  with  common  practice  is  approximated  by  the 
following  formulas  for  E  60  loading. 

For  deck  girders  the  weight  of  steel  per  lineal  foot  («•)  in  lbs. 
may  be  computed  in  terms  of  A.  the  Imcth  of  the  span  in  feet: 
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Weight  of  Stekl 


For  the  Deck  Girder  w  =  15L  in  lbs,  per  lineal  foot  of  span. 

For  half  thru  Girders  w  =  15L  +  600. 

For  Truss  Spans  w  =  IIL  -\-  750. 

Trautwine  gives  the  following  diagram  for  the  weights  of  steel 
railroad  bridges  based  on  Northern  Pacific  design  by  Mr.  Modjeski 
(from  the  Journal,  Western  Society  Engineers,  Feb.,  1901). 

The  loading  consists  of  two  locomotives  of  146  tons  each  uniform 
train  load  of  4,000  pounds  per  foot  of  track.  The  weights  comprise 
the  girders  or  trusses  of  one  single  track  span  with  bracing,  floor 
system  and  end  bearings.  For  the  total  weight  for  computation 
add  500  pounds  per  lineal  foot  for  the  wood  floor  system.  For  the 
pin  connected  spans  130  to  200  feet,  three  dash-dash  diagrams  show 
respectively  the  weight  of  two  trusses  only,  two  trusses  and  lateral 
bracing,  and  two  trusses,  bracing  and  metal  floor.  The  solid  curve 
includes  the  weight  of  end  bearings  in  addition  to  the  foregoing. 


60 


ISO 


goo 


lOO 
Spans,  in  feet. 
Fig.  66. 

7.   Classes  and  Weights  of  Locomotives  and  Freight  Cars 

in  use  are  tabulated  in  the  accompanying  diagram  for  both  freight 
and  passenger  service. 

It  is  to  be  noted  that  the  freight  car  load  in  general  materially 
underruns  6,000  pounds  per  linear  foot.  Only  the  flat  car  fully 
loaded  is  equivalent  to  6,000  lbs.  per  foot.  In  isolated  cases  of 
overload  it  may  for  a  single  car  length  overrun  6,000  lbs.  by  eight 
percent.  Ore  cars  may  run  between  five  and  six  thousand  pounds 
per  linear  foot.  With  the  electric  locomotive  the  impact  is  about 
two-thirds  that  for  the  steam  locomotive. 


Locomotives  and  Cars 
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8.  Lateral  F-orccs  to  Ih»  taken  into  consideration  in  bridge 
deflign  an-  wind  arui  the  lateral  component  of  the  impact  from  the 
rolling  load. 

An  investigation  extending  over  a  number  of  years  from  1883  to 
1890  wa»  made  by  Sir  Benjamin  Baker  and  his  assistants  of  wind 
pressures  recorded  during  violent  gales  at  Inchgarvie.  Those 
registered  by  the  large  fixed  gage  ir>'x2()'  in  area  ranged  from  12  to 
36  pounds  per  square  foot.    On  one  occasion  the  barometer  fell  over 


12  Wind  Pressures 

M  of  an  inch  within  an  hour.  The  pressures  measured  by  the  re- 
volving gage  and  a  small  fixed  gage  were  higher  than  those  registered 
on  the  large  gage  and  the  error  of  the  gage  reading  for  the  smaller 
gages  was  investigated  and  the  arrangement  of  the  recording  appa- 
ratus altered  since  it  was  found  that  with  the  lever  multiplication 
pointer  the  high  readings  were  in  a  large  part  due  to  the  fact  that 
the  lever  acquired  some  momentum  from  a  sudden  gust,  over 
shooting  the  mark  and  indicating  a  fictitious  pressure.  After  the 
horizontal  lever  was  done  away  with  the  highest  recorded  pressure 
with  the  small  gages  was  35,  41  and  27  pounds  per  square  foot 
respectively. 

The  gale  of  March  31,  1886,  gave  the  following  results:  Upon  a 
small  fixed  gage  31  pounds  to  the  square  foot;  upon  a  revolving  gage 
26  pounds;  center  of  the  large  board  28}^  pounds;  board  corner  22 
pounds.  Average  over  the  board  19  pounds.  From  this  it  appears 
that  the  high  wind  pressures  come  in  gusts  differing  from  a  state  of 
even  pressure  extending  over  large  areas. 

After  the  central  towers  of  the  bridge  had  been  carried  up  the 
full  height,  revolving  gages,  one  at  the  Northeast  and  one  at  the 
Southwest  corner  of  each  tower,  were  put  up  and  it  was  found  that 
the  pressures  recorded  varied  as  much  as  10  and  12  pounds  between 
the  different  piers,  sometimes  one  and  sometimes  the  other  showing 
the  higher  registration. 

Horizontal  wind  pressure  in  a  gale  or  a  hurricane  may  accord- 
ingly be  conservatively  taken  at  30  pounds  per  square  foot  over  the 
exposed  area  of  one  truss  and  floor  in  elevation  and  one  and  one- 
half  times  this  area  for  two  trusses  for  spans  up  to  200  feet  and 
two-thirds  of  this  amount  for  a  400-foot  span  and  over.  Inter- 
mediate values  for  intermediate  spans. 

General  Greeley,  of  the  United  States  Signal  Service,  in  1890 
after  the  Louisville,  Ky.,  tornado,  stated: 

"As  bearing  upon  the  strength  of  structures  necessary 
to  withstand  tornadic  winds,  it  is  important  to  note  that 
there  have  been  very  few  cases  recorded  of  wind  velocities 
in  the  United  States  where  the  pressure  of  the  wind, 
according  to  the  latest  investigations  and  accepted 
formulae,  exceeded  16  lbs.  to  the  square  foot." 

The  severest  effects  of  wind  occur  in  the  paths  of  tornadoes, 
these,  however,  are  very  limited  in  their  width,  the  high  pressures 
or  destructive  effects  being  limited  to  a  few  hundred  feet.  Being  a 
rotating  force  it  exerts  its  lateral  pressure  in  a  manner  differing  from 
that  of  the  gale  and  depends  in  a  large  measure  upon  the  suction  of 
the  vortex  and  the  rapidity  of  its  motion. 


Cyclonic  Storms 
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C.  Shalcr  Smith  reported  a  tornado  at  the  St.  Charles  bridge 
which  exerted  a  pressure  of  52  pounds  on  small  objects  and  84 
pounds  in  the  vicinity  which  did  not  injure  the  bridge  altho  its 
bracing  was  proportioned  for  only  30  pounds  per  square  foot  of  ex- 
posed surface.  He  also  found  in  following  up  the  paths  of  several 
tornadoes  but  one  case  where  60  feet  in  width  was  insufficient  to 
cover  the  path  within  which  the  computed  pressure  exceeded  30 
pounds. 

The  accompanying  figure  represents  the  destruction  of  a  Section 
of  the  Smith  Avenue  Viaduct,  known  as  the  High  Hridn*-  in  St.  Paul, 
looking  Northwest.  The  author  figure<l  this  wreck  was  caused  by 
a  pressure  of  apnroximately  30  pounds  acting  upward  at  an  angle 
of  about  45**.  Lifting  the  end  of  the  250-foot  span  from  the  top  of 
the  tower  at  the  expansion  shoe  where  it  was  not  bolted  down,  the 
wind  by  its  leverage  twisted  the  fixed  tower  from  its  base,  resulting 
in  the  wreck  shown  in  the  figure.  Such  upward  inclination  of  the 
wind  force  should  l>e  given  consideration  in  design  as  it  gives  rise 
to  the  most  destructive  effects. 


The  nature  of  the  pressure  in  cyclonic  storms  is  better  under- 
stood by  considering  its  effects  upon  buihlings.  A■^  the  vortex 
passes  over  a  frame  building  the  atmospheric  pressun-  dh  the  out- 
side is  suddenly  removed  by  the  suction  of  the  vortex  !in«l  the  inside 
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pressure  causes  destruction  similar  to  that  of  an  explosion.  Win- 
dows are  blown  outward  and  a  complete  wreck  commonly  results. 
Such  examples  as  the  removal  of  the  leeward  roof  surface  of  a  bam 
leaving  the  windward  roof  and  rafters  standing  is  not  uncommon. 

The  extreme  magnitude  of  the  pressures  thus  developed  in  a 
building  probably  never  exceeds  75  pounds  per  square  foot  and  for 
that  reason  the  damage  to  the  reinforced  concrete  structure  in  a 
tornado  is  confined  to  the  destruction  of  windows  and  partitions 
rather  than  serious  damage  to  the  building  as  a  whole. 

Mr.  Theodore  Cooper  in  discussing  the  writer's  analysis  of  the 
wreck  of  the  High  Bridge  at  St.  Paul,  Transactions  Am.  Soc.  C.  E., 
December,  1904,  would  provide  for  an  excess  pressure  of  50  pounds 
per  square  foot  over  a  width  of  150  feet  and  a  15-pound  pressure  for 
the  remainder  of  the  span  for  long  span  structures  1,200  to  2,000 
feet  in  length. 

Lateral  forces  of  impact  have  increased  with  the  increase  in 
engine  loading  and  the  increased  speed  of  the  present  day  train  over 
the  highest  speed  customary  with  trains  of  thirty  and  forty  years 
ago.  The  specification  more  commonly  used  in  the  90s  was  that  of 
Theodore  Cooper  in  which  we  find  the  following  requirement: 

"To  provide  for  wind  strain  vibration,  the  top  lateral 
bracing  in  deck  bridges  and  the  bottom  lateral  bracing  in 
through  bridges  shall  be  proportioned  to  resist  a  lateral 
force  of  450  pounds  for  each  foot  of  span,  300  pounds  of  this 
to  be  treated  as  a  moving  load.  The  bottom  lateral  brac- 
ing in  deck  bridges  and  the  top  lateral  bracing  in  through 
bridges  shall  be  proportioned  to  resist  150  pounds  for  each 
foot  of  span." 

According  to  Dubois  this  was  arrived  at  as  follows: 

"Exposed  area  of  the  train  is  about  10  square  feet  for 
every  foot  in  length ;  at  30  pounds  per  square  foot  this  gives 
300  lbs.  for  every  foot  of  length  which  shall  be  treated  as 
moving  load.  The  truss  would  probably  not  have  more 
than  10  square  feet  of  exposed  surface  per  lineal  foot  and 
taking  half  of  this  on  each  chord,  we  have  a  fixed  load  of 
150  pounds  per  lineal  foot  for  the  top  and  bottom  chord,  or 
150  pounds  fixed  load  per  foot  for  the  unloaded  chord, 
450  pounds  per  lineal  foot  for  the  loaded  chord  of  which 
300  is  live  and  150  fixed." 

But  in  providing  merely  for  the  wind  load  no  allowance  is  in- 
cluded for  the  lateral  impact  of  the  heavy  locomotive  at  high  speed 
nor  is  there  any  allowance  for  the  column  action  of  the  top  chord 
compressions  resisted  by  the  lateral  bracing. 
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9.  Lateral  Force  for  a  Rigid  Design  for  spans  up  to  600  feet 
may  be  specified  &a  a  uniform  wind  load  of  200  pounds  per  lineal 
foot  of  span  on  both  the  top  and  liottom  chord  of  the  truss  bridge 
up  to  200  feet  in  span  and  25  pounds  per  foot  additional  load  for 
each  50  feet  increase  in  span  above  this  limit.  In  the  floor  of  the 
thru  bridge  or  deck  bridge  an  additional  shear  on  the  laterals  equal 
to  the  sum  of  that  due  to  the  uniform  wind  load  plus  one-tenth  of 
the  equivalent  uniform  load  for  a  single  track  fully  loaded.  For  the 
top  chord  laterals  of  the  thru  bridge  a  shear  in  addition  to  that  for 
the  uniform  wind  load  equal  to  three  percent  of  the  compressive 
stress  in  the  end  chord  member,  for  all  panels  to  provide  for  the 
column  action  of  the  chords  as  latticed  by  this  bracing. 

For  the  deck  plate  girder  of  80  feet  in  span  this  would  give  a 
shear  on  the  end  lateral  of  approximately  50,000  pounds.  The 
section  of  the  bracing  customarily  provided  by  the  experienced 
designer  meets  this  requirement  altho  it  is  not  required  by  the 
specifications  in  common  use.  The  scientific  rule  should  call  for 
such  sections  as  general  experience  warrants  and  judgment  of  the 
most  experienced  designers  provide. 

Since  the  impact  allowance  on  the  chords  takes  into  considera- 
tion both  the  vertical  and  lateral  impact  of  the  loading  it  is  necessary 
to  compute  only  the  additional  wind  load  that  is  brought  upon  the 
loaded  chord  by  the  wind  pressure  on  the  train  itself.  The  exposed 
area  of  the  train  may  be  taken  as  10  square  feet  per  lineal  foot  and 
the  wind  pressure  at  30  pounds  per  square  foot  for  spans  up  to  200 
feet  in  length,  reducing  to  20  pounds  for  spans  as  long  as  600  feet  or 
over  and  for  intermediate  span  lengths,  intermediate  values. 

As  excessive  wind  loads  are  rare  and  momentary  in  action  an 
increase  in  working  stress  for  wind  strains  on  the  chord  of  twenty- 
five  percent  may  be  allowed  in  computing  the  total  area  from  the 
combined  stresses  of  live  and  dead  loads,  impact  and  wind  strains. 

10.  For  Bridges  on  Curves  provision  mu.st  be  made  for  the 
increased  load  carried  by  any  truss,  beam  or  stringer  due  to  the 
curvature  of  the  track  and  the  eccentricity  of  the  application  of  the 
load  caused  thereby.  In  addition  to  this  eccentricity  the  centrifugal 
force  of  the  train  traveling  at  a  speed  commensurate  with  the  cur- 
vature should  be  allowed  for  as  provided  in  the  A.  H.  K.  A.  Hpvv'x- 
fication: 

(f  0"   !•  2«  3*  4'  «•  «•  r  »•  »•  \(f  ir  12° 

Degree  of  curve 21' 40' 

Percentttfe 2^5  7^10  10  10  10  10  10  10  10  10  10  10 

8p«N}d  in  milee  per  hour    80  80  80  65  53  46  41  38  35  33  31  29  28  27 
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Lines  of  Economic  Strength  Graceful 


1 1 .  The  Subject  of  the  Aesthetic  or  Science  of  the  Beauti- 
ful in  Bridge  Design  is  a  matter  regarding  which  there  is  such  a 
diversity  of  opinion  that  we  can  well  appreciate  the  homely  truth 
of  the  old  woman's  statement  "there  is  no  accounting  for  taste" 
when  she  kissed  the  cow.  By  coupling  the  science  of  the  beautiful 
with  economic  considerations  definiteness  is  imparted  to  this  other- 
wise abstruse  or  occult  subject  matter. 

It  may  be  asserted  as  a  cardinal  principle  or  fundamental  law 
that  the  lines  of  greatest  economic  strength  are  essentially  graceful 
and  beautiful.  The  converse  of  this  rule  that  a  graceful  design  is 
essentially  economical  does  not  hold  true,  because  economy  requires 
a  type  of  superstructure  in  keeping  with  foundation  conditions  and 
rigid  adherence  to  certain  fixed  proportions  or  ratios  of  depth  to 
span  length  combined  with  economic  triangulation  of  the  truss 
members  which  may  vary  thru  a  wide  range  without  material  detri- 
ment to  aesthetic  appearance. 

Because  aesthetic  appearance  proper  permits  this  elastic  varia- 
tion, while  maximum  economy  does  not,  it  ;'s  possible  for  an  ugly 
design  to  be  more  economical  than  one  merely  aesthetic  when  it 
approaches  more  closely  to  those  proportions  determinant  of  econ- 
omy. We  may  thus  condemn  the  ugly  design  as  lacking  in  max- 
imum economy  from  its  appearance  but  we  may  not  assume  that 
an  aesthetic  design  is  most  economical,  without  first  investigating 
its  approach  to  economic  proportions. 

So  little  are  these  fundamentals  understood  that  many  bridge 
engineers  look  for  the  cheap  design  in  the  quintessence  of  ugliness. 
This  may  be  illustrated  from  a  comparison  of  two  competitive 
cantilever  designs  submitted  for  the  Sydney  bridge.  As  both  pro- 
pose the  use  of  the  same  heat  treated  eye  bars  with  very  high  work- 
ing stresses,  a  direct  comparison  of  weight  is  to  the  point : 


Est.  Weight,  49,115  tons. 


Aejithktics 
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i;>i.  Wright,  38,0«.l  t.Miv 

A  inathoinatical  method  for  the  verification  of  the  fundamental 
law  that  the  linQ«  of  strenf^th  are  essentially  graceful  when  forming 
a  truss  triangulation  of  maximum  economy  will  be  developed  in  a 
following  chapter  from  the  variation  of  the  summation  of  strain 
areas.  It  is  considered  by  all  that  the  design  shou'd  be  as  symmet- 
rical as  the  nature  of  the  location  permits  and  of  a  type  in  harmony 
with  the  surroundings. 

12.  Summary:  It  would  seem  in  reviewing  the  litem tii re  of 
bridge  engineering  that  the  writers  on  this  branch  of  sciciK c  have 
endeavored  to  make  the  subject  as  complex  and  as  involved  from 
the  mathematical  standpoint  as  possible  leading  to  a  performance 
one  expects  from  the  youngster  just  out  of  school  in  accurately 
figuring  the  heavy  cut  and  fill  on  the  railroad  right  of  way  to  the  ten- 
thousandth  part  of  a  yard  per  station  when  the  measurements  made 
with  the  prismatic  formula  would  not  warrant  an  expectation  of 
it«  accuracy  within  three  or  four  yards  per  station. 

Thus  the  chronic  constipation  of  ideas  regarding  wheel  loads  of 
the  bridge  fraternity  has  been  relieved  only  by  a  continuous  diar- 
rhoea of  computation,  expensive  in  time  and  wasteful  of  energy 
which  should  be  more  fittingly  employed  in  the  devise  of  better 
details,  simpler  shop  work,  and  fewer  joints  condiu  ivc  to  greater 
rigidity. 

The  computation  of  stresses  by  exact  methods  to  the  nearest  kip 
affecting  the  section  but  a  fraction  of  a  percent  when  the  rolling  mill 
does  not  guarantee  the  sections  cal'ed  for  within  a  two  percent 
tolerance  is  typical  o*  this  inconsistency. 

The  elimination  of  this  drudgery  by  a  simple  equivalent  load 
diagram  which  departs  from  the  generalize<l  engine  loading  an 
amount  sufficient  to  cover  a  material  variation  in  the  driving  wheel 
•pacing  is  presented  in  the  foregoing  discussion  and  a  rational  type 
of  impact  formula  has  been  develojM'd  which  recognises  the  limita- 
tion of  the  vibratory  impact  effect  by  the  existing  dead  stress  in  the 
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member.  It  further  takes  into  consideration  the  range  of  stress  in 
the  web  member  where  it  changes  sign  from  tension  to  compression 
by  an  increase  in  the  impact  allowance  in  proportion  to  the  entire 
range  of  stress  thus  fittingly  providing  for  an  impact  strain  greater 
than  any  formula  heretofore  proposed  for  such  members  while  re- 
ducing the  excessive  impact  allowance  for  chords  provided  by  the 
Waddell  formula  and  that  of  Mr.  Schneider  for  the  long  spans.  It 
moreover  increases  the  impact  for  short  stringers  above  these 
formulas  in  keeping  with  the  suddeness  of  application  of  the  load 
and  the  shock  incident  thereto. 

The  writer's  observation  of  eye-bar  counter  ties  stretched  any 
where  from  one  half  to  one  inch  in  the  maintenance  of  old  over- 
loaded bridges  has  taught  him  to  appreciate  the  desirability  of 
liberal  sections  for  such  members  and  the  elimination  of  film  flam 
sections  for  counter  strains  as  C.  C.  Schneider  used  to  classify  them. 

In  dealing  with  lateral  stresses  the  wind  effect  on  the  long  span 
has  been  specified  in  keeping  with  the  studies  and  observations  of 
Sir  Benjamin  Baker  and  the  writer's  study  of  the  effects  of  cyclonic 
storms.  The  suggested  specification  does  not  over-load  the  chord 
while  it  does  require  ample  section  for  stiffness  of  the  lateral  bracing. 
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CHAPTER  XXIV 
ECONOMIC  THEORY  OF  DESIGN  OF  BEAMS 
AND  PLATE  GIRDERS 

1.  The  theory  of  beams  of  uniform  cross  section  simply  sup- 
ported, restrained  and  continuous  with  the  stress  line  analysis  of 
thoee  of  constant  section  has  been  developed  in  Chapter  VIII,  Sec. 
II.  The  modification  of  the  theory  in  case  of  variable  moment  of 
inertia  has  there  been  treated  in  its  broader  aspects  leaving  for 
present  consideration  questions  of  economic  depth,  web  thickness, 
stiffening,  connections  and  sway  bracing  in  the  practical  bridge 
structure  and  for  convenience  in  computation  and  preliminary 
reports  the  development  of  simple  dead  weight  formulas  or  charts 
for  more  convenient  reference, 

2.  The  Economic  Ratios  of  Web  to  Flange  Area  may  be 
investigated  from  the  formula  of  Chapter  VIII,  Sec.  II,  for  strength 
of  rolled  beams  under  16,000  lbs.  fiber  stress. 

Kwd" 
Safe  load  W  «  


In  which  W  is  the  safe  load  in  thousand  pound  units,  K  a  coeflficient 
depending  on  the  ratio  of  the  weight  of  the  web  to  that  of  the 
flanges,  w  equaling  the  weight  of  metal  per  lineal  foot,  d"  the  depth 
in  inches  and  L  the  span  in  feet. 

Now  K  equals  unity  for  the  minimum  section,  it  decreases  as  the 
web  is  thickened  up  in  the  maximum  section  and  increases  in  the 
Bethlehem  girder  beam  where  a  large  percentage  of  the  total  weight 
is  concentrated  in  the  flange  area.     Thus: 


768.000    /  -  432 


For  Bethlehem  12"  55  lb.  Girder  Beam 

Web  is  .37"  thick  C' 

For  Carnegie  12"  55  lb.  Standard  Beam 

Web  is  .81"  thick  C"  -  570,000     /  -  321 

For  Carnegie  18"  55  lb.  Standard  Beam 

Web  is  .46"  thick  C"'  -  943,000  /  -  795 
Thus  by  cutting  the  thickness  of  the  web  in  half,  and  by  widen- 
ing out  the  flange  from  5.6"  to  9.75",  the  bending  strength  of  the 
Carnegie  Standard  12"  l)eam  has  l)ecn  increased  thirty-four  per- 
cent in  the  Bethlehem  Section,  as  is  evident  from  the  ratio  of  the 
roi'fficients  of  strength  C' JC" , 
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The  area  of  web  equals  the  area  of  fiange  in  the  12"-55  lb. 
Standard  beam  but  in  the  Bethlehem  girder  beam  the  area  of  web  is 
one-third  the  area  of  flange. 

We  will  now  compare  these  two  beams  with  the  Standard  18"- 
55  lb.  in  which  the  area  of  flange  substantially  equals  the  area  of 
the  web: 

The  coefficient  of  strength  of  the  18"  beam  is  one  and  two-thirds 
as  great  as  that  of  the  Standard  12"-55  lb.  beam  and  one  and  a 
third  times  as  great  as  the  12"-55  lb.  girder  beam. 

From  this  comparison  it  is  clear  that  the  usual  computation  of 
the  ratio  of  the  area  of  web  to  that  of  flange  is  broadly  not  a  deter- 
minant of  economic  strength  but  becomes  such  a  determinant  .when 
the  web  section  is  THIN  enough  to  secure  the  greatest  depth  con- 
sistent with  safety  against  buckling  or  crippling. 

3.  The  Economic  Depth  of  a  Girder  with  a  Fixed  Thick- 
ness of  Web,  requires  that  the  weight  of  the  web  equals  the  weight  of  the 
flanges.  The  section  of  the  flanges  for  a  fixed  fiber  stress  increases 
directly  as  the  depth  decreases  and  if  the  thickness  of  the  web  be 
fixed  its  weight  reduces  as  the  depth  decreases,  and  vice  versa. 

Let  D  equal  the  economic  depth  and  W  equal  the  minimum 
weight  half  web  and  half  flange.  Then  if  the  depth  be  reduced  half — 
Flange  Weight  =  W/2  X2  =  W 
Web  Weight      =  W/2  ^  2  =  TF/4 


Total  Weight     =  5/4:W 

or  an  increase  of  one  fourth  for  a  reduction  of  economic  depth  by 
half. 

Now  if  D  be  reduced  a  quarter  then 

Flange  Weight  =  W/2  X  4/3  =  2/SW 
Web  Weight      =  W/2  X  3/4  =  S/SW 


Total  Weight     =  25/24TF 

If  D  be  increased  one-fourth,  then 

Flange  Weight  =  W/2  X  4/5  =  2/5W 
Web  Weight      =  W/2  X  5/4  =  5/8W 

Total  Weight     =  41/40ir 

If  the  departure  from  D  be  +  10%  then  the  increased  weight 
in  like  manner  is  W/220  and  if  it  be  decreased  10%  then  the  in- 
crease in  weight  is  TF/ 180.  Therefore  under  the  preceding  premise 
a  variation  of  plus  or  minus  10%  from  equal  weight  of  the  flange 
and  web  may  make  but  half  a  percent  difference  in  total  weight. 
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It  Hhould  be  noted,  however,  that  increase  in  depth  over  that  which 
is  most  oooiioinical  will  not  involve  increase  in  web  thickness  while 
a  cle<Tras<»  may  necessitate  such  increase,  and  moreover  in  the 
shallow  l)eam  /  may  have  to  be  decreased  to  secure  desirable  rigidity 
under  live  load,  i.e.,  increased  flange  area  may  be  necessary  over 
that  re(|uirod  for  quiescent  loads. 

4.  Stiffness  of  a  simply  supported  rolled  or  Ixiilt  Ixum  varies 
according  to  the  fMnimla  derived  in  Chapter  VIII,  8oc.  11. 

A  =  KfL^  /Ed  (1  -f  g) 
in  which  /C  is  a  coeflRcicnt  depending  upon  the  manner  of  loading, 
/  the  maximum  filxT  str(\s.s,  L  the  span,  d  the  il(  pth,  /•;  Young's 
modulu.^i  and  g  (t\Q  proportion  of  deflection  cau.sed  by  shear. 

K  may  be  taken  as  substantially  1/5  for  locomotive  loading 
since  its  exact  value  varies  from  8/48  for  concentrated  central 
loading  to  10  48  for  uniform  load  and  11/48  for  equal  concentrated 
loads  at  the  quarter  points. 

For  a  Bethlehem  girder  30"  X  175  lbs.,  web  67"  thick  as  com- 
puted, pages  20-24,  Sec.  II.  a  =  0.24  for  a  15-foot  span,  0.13  for  a 
20-foot  span,  0.06  for  a  30-foot  span.  Now  as  g  depends  upon  the 
ratio  of  transverse  flange  area  resisting  moment  to  the  half  longi- 
tudinal web  area  resisting  horizontal  shear  with  a  built  girder 
having  a  three-eighths  web  and  the  same  flange  area  these  propor- 
tions of  shear  deflection  would  lie  doubled  up.  However,  the  ratio 
of  flange  area  to  web  area  with  this  Bethlehem  girder  is  two  to  one 
a  wide  departure  from  economic  equality,  hence  for  economic  area 
ratios  in  simple  span  girders  with  fj/d  =  1/6,  g  =  .12  app.  and  for 
L/rf  =  1  8,  fif  =  .06. 

Therefore,  with  economic  built  girder  designs  the  deflection 
caused  by  shear  distortion  may  l)e  disregarded  as  small  but  for  an 
uneconomic  too  shallow  depth,  shear  distortion  a(l<ls  limi  ly  to  the 
deflection  unless  a  lil>eral  provision  has  been  made  by  iiu n.isr  of 
•flange  area  over  that  required  for  quiescent  load  toredutc  tin-  de- 
flection and  vibration  under  rolling  loads. 

Moment  deflections  in  terms  of  span  length  are  simply  computed 
from  the  foregoing  formula:  Thus,  if  /  «  16,000  lbs.  per  square 
inch  and  d  "  L/S  by  substitution 

16,000  L'         L 

D,  the  moment  deflection  —  — approx. 

5  E  L/S        1200 

•If  the  web  lie  not  ovemtrained  tho  deflection  in  more  econoro- 
inillv  rrdiired  by  adding  to  the  flange  area,  than  to  web  aection. 
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or  for  the  30"  Bethlehem  girder  beam  20-foot  span,  it  would  be  two- 
tenths  of  an  inch  or  with  a  48  X  3/8  web  (a  mean  approximation 
to  economic  depth)  the  deflection  reducing  proportionally  to  the 
increase  in  d  would  be  but  twelve  hundreths  of  an  inch. 

This  represents  a  most  radical  difference  in  deportment  requiring 
no  computation  for  its  appreciation  if  the  observer  stations  himself 
consecutively  upon  spans  of  these  relative  depths  during  passage 
of  a  fast  train. 

5.  A  Series  of  Continuous  Rolled  Beams  or  Plate  Girder 
Spans  require  less  metal  and  are  much  stiffer  than  a  similar  series 
of  simple  spans.  The  graphical  derivation  of  the  law  of  moment 
magnitudes,  page  58,  Sec.  II,  discloses  this  fact  at  a  glance. 

By  continuity  the  stringer  attains  its  maximum  rigidity  so  that 
by  its  relative  freedom  from  vibration  the  completed  structure 
gives  the  impression  of  being  the  stiffest  bridge  in  its  neighborhood 
even  though  it  may  not  have  been  designed  to  carry  the  heaviest 
loading. 

This  increase  of  stiffness  with  varying  load  from  two  to  five  fold 
over  non-continuous  stringers  permits  a  shallower  floor  construction 
where  such  is  advantageous. 

The  deflection  in  an  interior  span  under  uniform  loading  due  to 
bending  moment  is  one-fifth  as  great  as  for  a  simply  supported  span 
of  the  same  uniform  cross  section  and  but  one-fourth  as  great  under 
a  concentrated  central  load. 

Interference  of  shear  detrusion  between  the  cantilever  and  sus- 
pended span  portion  of  the  continuous  girder  reduces  the  moment 
deflection  an  amount  dependent  upon  the  ratio  of  Ljd  as  investi- 
gated in  Arts.  11  and  12,  pages  69-70,  Sec.  II. 

The  balance  of  tension  and  compression  of  the  fiber  stress  areas 
are  modified  by  this  interference  of  detrusion  so  that  for  an  I  section 
under  a  central  load  when  L/rf  =  10,  the  tensile  stress  at  the  top 
of  the  restrained  beam  over  the  support  is  but  eight-tenths  the  com- 
pression at  the  bottom  and  at  mid  span  a  like  reduction  in  the 
tension  occurs. 

Under  a  uniform  load  continuity  reduces  the  moment  at  the 
center  of  the  intermediate  span  to  a  third  of  the  moment  when 
simply  supported  and  by  half  for  equal  concentrated  loads  at 
the  center  of  each  span.  With  the  live  load  advancing  the  ad- 
jacent forward  span  unloaded  is  subject  to  negative  bending  re- 
ducing the  restraint  and  efficiency  of  continuity  over  the  support. 
Again,  with  the  engine  loading  consecutive  spans  are  subject  to 
loads  of  varying  intensity. 
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Equally  important  in  considering  the  economy  of  continuity  is 
the  practical  question  of  the  workmanship  or  initial  rigidity  of  the 
milled  joint  l>etween  the  stringer  end  and  the  floor  beam.  A  slight 
yielding  in  coming  to  a  bearing  renders  a  flange  section  of  seventy 
percent  as  great  as  required  for  a  simply  supported  beam  sufficient 
over  the  support  and  excessive  at  mid  span. 

If  the  weight  of  the  flanges  equals  that  of  the  web,  the  total 
saving  out  of  30%  reduction  in  flange  area  approximates  12%  of 
the  weight  of  the  stringer  since  the  thirty  percent  of  flange  repre- 
sents but  fifteen  percent  of  the  weight  of  flange  and  web  combined 
to  be  in  turn  reduced  by  the  weight  of  the  splice  of  the  tension 
flange  over  the  team. 

Advantage  cannot  be  taken  of  the  interference  of  detrusion  to 
reduce  the  tension  flange  in  the  stringer  because  the  section  is 
ordinarily  made  of  two  angles  having  constant  or  uniform  section 
which  is  called  on  to  resist  a  maximum  compression  at  the  support 
when  subject  to  a  maximum  tension  at  mid  span  and  \  nr  m  rsa. 

6.  For  the  Bridge  Stringer  Depth  Ratios  of  L  D  for  EGO 

loading  satisfactory  from  the  standpoint  of  rigidity  should  not 
under  run  one-seventh  of  the  length  for  non-continuous  stringers 
nor  one-eleventh  in  case  they  are  made  fully  continuous  by  splicing 
the  flanges  over  or  thru  the  supporting  beams.  For  light  narrow 
gage  railroad,  these  ratios  may  be  reduced  to  one-eighth  for  dis- 
continuous and  one-twelfth  for  continuous  stringers.  Any  reduction 
in  this  depth  ratio  should  be  accompanied  by  a  pro  rata  reduction 
in  the  allowed  fiber  stress  to  maintain  the  standard  degree  of  stiff- 
ness and  render  the  same  impact  allowance  applicable. 

Floor  Beams  when  rigidly  riveted  to  the  truss  frame  by  bending 
cause  a  torsional  moment  upon  the  truss  and  hence  should  be 
stiffer  than  the  stringer. 

A  limitation  of  the  depth  to  L/A  for  an  E60  loading  and  L/5  for 
a  narrow  gage  E25  loading  will  give  satisfactory  results  with  a 
decrease  in  flange  stress  in  proportion  to  any  decrease  in  relative 
depth. 

For  Deck  Plate  Girders  of  90  to  100  feet  in  span  one-tenth 
to  one-eleventh  the  span  length  is  satisfactory  from  the  standpoint 
of  stifl'nesH  while  for  spans  intermediate  l>etween  40  feet  and  one 
hundred  feet  proportionate  decrease  in  depth  Iwtween  one-seventh 
and  one-tenth  the  span  are  good  ratios  for  K(M)  loading. 

7.  The  State  of  Stress  in  the  Plate  Girder  Web  differs  from 
that  in  the  rolled  l)cara  analysed  in  Sec.  II,  pages  79  and  80,  when 
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the  relatively  thin  web  is  stiffened  against  buckling.  Without 
stiffners  it  is  agreed  that  the  principal  stresses  of  tension  and  com- 
pression follow  substantially  the  same  lines  as  in  a  homogeneous 
eye  beam.  Concentration  of  metal  in  the  flanges  affects  the  shear 
stress  areas  and  flattens  the  curves  of  greatest  horizontal  and  ver- 
tical shear. 

The  displacement  and  equi-potential  curves  have  some  resem- 
blance to  the  erroneous  representation  of  the  principal  web  stresses 
presented  by  Johnson*  and  some  others  as  tho  extending  across 
the  web  at  45°  like  the  slats  of  a  TOWNE  lattice  truss.  That 
knicking  a  uniform  section  modifies  the  intensity  of  the  principal 
stresses  at  the  locus  of  abrupt  change  has  long  been  recognized  by 
writers  on  the  mathematical  theory  of  elasticity.  Nevertheless, 
for  some  occult  reason  the  rigid  attachment  of  angle  iron  stiffners 
to  the  web  of  the  deep  girder  has  been  treated  as  immune  from  ths 
general  law. 

Failure  of  the  thin  unstiffened  web  of  a  deep  rolled  beam  takes 
place  by  buckling  in  corrugations  normal  to  the  curves  of  Misplace- 
ment in  the  compression  zone  and  to  the  curves  of  tequi-potential 
in  the  tension  zone  of  the  web.  Initial  buckling  takes  place  at  the 
locus  of  greatest  angular  distortion  of  the  metal,  i.  e.,  where  the  sum 
of  the  rhombic  and  trapezoidal  deformation  from  horizontal  shear 
and  bending  is  a  maximum.  This  locus  has  been  determined  graphi- 
cally for  the  15-inch  I-beam  of  ten,  twenty  and  thirty-foot  lengths, 
page  22,  Sec.  II.  With  the  increase  in  relative  length  this  locus 
shifts  away  from  the  end.  Thus  for  a  central  load  on  the  15-inch 
beam  investigated,  it  was  L/16  from  the  end  with  a  length  of  10 
feet,  L/8  from  the  end  with  a  twenty-foot  length  and  L/5  from  the 
end  with  a  length  of  thirty  feet. 

As  the  maximum  unit  compressive  strain  is  one-half  the  maxi- 
mum shear  strain  it  may  be  readily  determined  for  any  specific  case 
and  a  unit  strip  subject  to  that  strain  may  be  investigated  for 
crippling  by  the  solid  column  formula  for  fixed  ends  of  Sec.  IV, 
taking  L  as  equivalent  to  the  depth  between  flanges. 

Stiffness  or  freedom  from  vibration  requires  sparing  use  of  an 
unstiffened  web  in  the  railroad  structure  and  its  limitation  to  sixty 

♦Modern  Frame  Structures,  pp.  147,  Ed.  1909. 

tFor  controversial  discussion  see  Eng.  News,  Apr.  25,  1895,  page  275, 
pages  339-340;  Eng.  News,  Aug.  11,  1898,  page  90;  August  22,  1898, page  186; 
Dec.  22,  1898,  page  400;  May  19,  1898,  page  322;  June  9,  1898,  page  311. 

jNote:     Stress  line  analysis  of  20''  I  and  development  of  curves  of  great- 
est displacement  and  equi-potential,  Page  79-80.  Sec.  II. 
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thicknesses  between  flange  angles  with  substantial  end  stifTners  and 
a  cross  shearing  stress  not  greater  than  four  thousand  iwunds  per 
square  iiuli  nf  the  quarter  point  is  a  safe  rough  rule  for  shallow 
stringer- 

Because  the  internal  shear  strain  (and  its  compressive  com- 
ponent producing  !)urkling)  is  a  moment  function,  not  directly 
proportional  to  the  external  shear  force,  any  formula  for  web  re- 
sistance to  buckling  based  upon  external  shear  force  is  essentially 
an  approximation  lacking  in  precision. 

The  trapi'zoidal  compf)nent  of  shear  distortion  increases  as  the 
span  length  an(j  decreases  as  the  depth  increases;  the  rhombic 
component  increases  as  the  ratio  of  the  flange  area  divided  by  the 
longitudinal  web  area  increases.  Hence,  for  a  given  section  the  locus 
of  the  maximum  shifts  along  the  l)eam  as  the  span  increases  in 
length  relative  to  the  depth. 

8.  The  Joint  Action  of  Web  Plate  and  Stiffners  was  early 
investigated  by  Joseph  H.  Wilson  and  his  conclusions  stated  in  a 
paper  on  "Specifications  for  Iron  Railroad  Bridges".  Trans.  Am. 
Soc.  1885.     His  cxpt  liinciits  with  the  model  illustrated  in 

the  accciupanying  cut  are  described  bj'  him  in  an  instructive 
manner  as  (juoted  from  Engineering  News,  August  11,  1898. 

"When  I  went  to  Altoona  on  the  Pennsylvania  R.  R., 
in  I860,  I  found  in  u.se  on  that  road  plate  girder  bridges, 
50  and  60  ft.  long,  or  longer,  and  4  to  5  ft.  deep,  having  only 
3  16-in.  webs,  with  vertical  stiff ners  of  cast  iron,  placed  on 
each  side  and  bolted  together  through  the  web  }>y  three 
bolts,  thes*'  being  the  only  connection.  TIm'  stitTners 
hugged  well  up  under  the  flanges  cf  the  girder  and  were 
spaced  at  intervals  (Kjual  to  the  depth  of  the  girder,  more 
or  les.«.  These  bridges  were,  without  question,  the  best 
and  stifTest  type  of  structure  on  the  road,  were  consi<lered 
in  every  way  the  most  reliable,  and  were  carrying  with 
safety  any  load  that  could,  with  the  then  existing  rolling 
stock,  Ik*  placed  upon  them.  Some  of  them  may  l>e  still 
in  .use  on  branch  roads. 

"When,  however,  I  came  to  design  such  structures  and 
applied  Itankine's  rule  for  vertical  web,  'considering  that 
the  shearing  stress  at  the  neutral  axis  is  ecjuivalent  to  a 
pull  and  a  thrust  of  «(|ij;tl  intensity,  inclined  opixwite 
ways  at  45",  and  that  the  vertical  web  tends  to  give  way 
by  buckling  under  the  thrust,'  I  found  to  my  surprise 
that  these  bridg(*s  ought  to  have  lH»en  utter  failures. 

"The  matter  gave  me  considerable  study,  in  the  course 
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of  which  I  made  a  model  of  a  girder  with  a  thin  paper  web, 
and  I  found  at  once  that  the  web  did  not  resist  by  com- 
pression and  give  way  by  buckling,  but  by  tension.  I 
made  diagonal  slits  in  the  web,  as  you  see  in  this  model, 
converging  downward  towards  the  center.  These  being  in 
the  line  of  tension  did  not  affect  the  strength  in  any  way, 
as  you  may  see  by  placing  this  model  on  supports  at  the 
ends,  with  the  proper  flange,  as  marked,  up,  and  applying 
a  heavy  weight.  When,  however,  I  reversed  the  girder, 
with  the  other  flange  up,  making  these  slits  or  cuts  con- 
verge upward  towards  the  center  and  placing  the  web  in 
a  condition  that  it  could  not  resist  by  tension,  the  weak- 
ness of  the  girder  was  at  once  apparent,  the  web  buckling 
up  under  compression.  It  was  upon  this  practical  solu- 
tion of  the  problem  that  I  formed  my  theory  of  the  com-* 
putation  of  web  and  stiffners,  which  I  stated  in  my  paper, 
and  which  for  thin  webs  I  still  maintain. 


"If  there  are  no  stiffners,  Rankine's  rule  holds  good 
and  the  case  is  one  of  a  lattice  girder  with  an  infinite 
number  of  lattice  pieces  forming  a  continuous  web. 

"The  increased  thickness  of  web  adopted  in  later  years 
has  not  been  due  to  theory  but  entirely  to  practical  con- 
siderations, principally  that  of  deterioration  and  rusting 
of  the  metal  in  thin  sheets  from  the  action  of  the  coal 
smoke  of  engines  and  also  to  increase  the  bearing  surface 
for  rivets.  Webs  riveted  in  between  angles  have,  of 
course,  a  great  resistance  from  the  hold  which  the  angles 
have  on  them  like  the  jaws  of  a  vise,  and  in  the  early 
days  there  was  not  as  much  attention  paid  to  the  bearing 
surface  of  rivets  as  now.  Shearing  was  the  only  matter 
considered.  In  those  early  days,  also,  engines  burned 
wood,  and  coal-smoke  with  its  sulphur  fumes  did  not  exist. 

"When  one  comes  to  the  use  of  a  thick  web  and  pro- 
poses to  use  it  for  all  it  is  worth,  the  problem  naturally 
becomes  more  complicated.  A  certain  portion  may  be 
included  in  the  flanges  of  the  girder  and  often  is,  by  those 
economically  inclined;  perhaps  a  portion  with  the  stiffners; 
and  then,  if  thick  enough,  it  may  also  resist  by  compression 
as  well  as  by  tension  approximating  to  a  girder  without 
stiffners.  For  my  own  part,  I  would  prefer  to  make  my 
calculations  on  the  theory  I  have  indicated,  and  having 
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obtaine<l  the  minimum  dimensions  for  parts,  then  increase 
them  an  practical  considerations  from  my  experience, 
questions  of  wear  and  tear,  etc.,  would  make  advisable." 

From  the  truss  analoi^y  of  Mr.  Wilson,  the  practical  rules  for 
web  resistance  owe  their  origin.  Regarded  as  a  Pratt  truss,  the 
web  as  a  tie  is  good  for  al)out  seven-tenths  ita  net  section  and  if  the 
vertical  section  of  the  web  under  the  shear  of  the  external  force  be 
figured  at  10,000  lbs.  per  square  inch,  the  diagonal  tension  will  not 
exceed  15,000  lbs.  per  square  inch  of  the  A.  R.  E.  A.  specifications. 

In  1888  the  author  observed  a  girder  on  the  Jersey  Central 
Railroad  about  six  feet  six  deep  stiffened  at  intervals  about  the  depth 
of  the  web  apart!  In  one  panel  the  plate  was  buckled  thru  cooling 
stresses  in  rolling  and  had  not  been  straightened  in  the  fabricating 
sliop.  I'nder  passage  of  heavy  coal  trains  the  buckle  was  observed 
to  flatten  or  straighten  out  and  it  occurred  to  the  writer  to  make  a 
model  girder  with  a  symmetrically  buckled  web  in  order  to  measure 
the  proportionality  of  the  spring  of  the  plate  to  the  load  applied. 
By  the  application  of  the  load  without  impact  vibration  of  the  web 
was  eliminated  and  satisfactory  measurements  made.  See  Trans. 
Eng.  Sec.  Western  Pa.,  1898.    Trans.  Am.  Soc.  C.  E.,  August,  1902. 

The  method  of  thermo  electric  measurement  of  stress  was  ap- 
plied to  the  web  of  the  model  girder  and  the  bands  of  maximum 
stretch  and  squeeze  along  the  neutral  plane  were  located  by  the 
heating  and  cooling  of  the  metal  under  the  applied  stress  approxi- 
mately as  indicated  by  the  figures  A  and  B  illustrating  this  effect 
by  drawing  lines  closer  or  further  apart  to  represent  the  relative 
intensities. 


FIG    2— SKETCHES  SHOWING  DISTRIBUTION  OF   STRESSES  IN  PLATE-GIRDER  WEB  AS    DE- 
TERMINED BY  TESTS. 


Fig.  A  represents  the  condition  found  with  the  stiffners  the 
depth  of  the  girder  apart  and  Fig,  B  the  modification  caused  by 
placing  the  stiffners  half  the  depth  apart. 

With  the  thermal  juin-iioii  on  the  neutral  axis  of  the  girder 
attached  to  the  web  either  nrar  a  stifFner  or  in  the  center  of  the 
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panel,  the  galvanometer  would  indicate  initial  applications  of  the 
load,  the  deflection  with  the  attachment  near  the  stiff ner  being  the 
reverse  in  direction  to  that  when  the  junction  was  attached  in  the 
center  of  the  panel,  the  wiring  remaining  the  same. 

The  I-beam  lever  by  which  the  load  was  applied  to  the  experi- 
mental girder  was  also  investigated  but  no  galvonometer  deflection 
was  found  when  the  load  was  applied,  the  junction  being  attached 
to  the  center  of  depth  of  the  beam.  As  the  load  was  increased 
from  a  few  hundred  pounds  to  twenty  tons  concentrated  on  the 
center  of  the  girder  with  proportional  galvanometer  of  heat  and 
cold  and  spring  of  the  buckled  panel,  the  results  are  not  open  to 
question  on  the  ground  of  deviation  from  elastic  action  occurring 
at  the  approach  to  incipient  failure. 

Referring  to  Fig.  A,  it  may  be  noted  that  the  lines  of  maximum 
compressive  displacement  are  concentrated  as  it  were  in  the  dark 
area  near  the  stiffners;  (2)  that  they  have  changed  in  direction 
from  673^°  being  deflected  toward  that  portion  of  the  plate  best 
able  to  resist  compression  by  virtue  of  the  lateral  support  of  the 
stiff  ner  angle;  (3)  that  the  path  over  which  the  maximum  displace- 
ments act  is  but  slightly  longer  than  it  would  be  were  the  section 
uniform  with  displacement  at  67}^°  to  the  neutral  axis  of  the  girder 
at  mid  depth. 

We  may  summarize  these  deductions  in  the  statement  that  the 
load  seeks  the  shortest  course  consistent  with  the  more  rigid  path. 
Under  tension,  the  strength  of  a  member  varies  as  its  cross  sectional 
area  but  under  compression  the  form  of  the  member  is  as  important 
as  its  sectional  area.  For  example,  a  12  x  3^  plate  lO'O"  long  is 
almost  worthless  as  a  column  while  the  same  sectional  area  in  the 
form  of  two  7"  channels  forms  a  strong  and  rigid  strut.  Thus  the 
stiflfner  by  its  form  more  than  by  its  mere  sectional  area  renders 
the  plate  under  and  near  it  stronger  and  more  rigid  under  com- 
pression than  that  portion  more  removed  from  it.  The  action  of 
the  stiffner  in  affecting  the  distribution  of  the  stress  in  the  web  may 
be  regarded  as  two  fold :  First,  in  rendering  the  plate  in  its  vicinity 
better  able  to  resist  compressive  displacement  thru  the  lateral  sup- 
port it  affords,  thus  causing  an  uneven  distribution  of  the  stress  in 
the  web  as  shown  in  the  sketch,  and  second  under  favorable  con- 
ditions it  may  relieve  the  web  of  a  considerable  portion  of  the  com- 
pressive web  stress.  For  the  former  action,  few  rivets  are  required 
but  to  act  efficiently  in  the  latter  capacity  where  the  stiffners  are 
economically  spaced  they  should  be  well  riveted  as  was  the  case  in 
the  experimental  girder. 
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The  inefficiency  of  inclined  stiffnere  compared  to  vertical  may 
be  established  by  the  following  consideration:  If  the  stiffner  is 
inclined  at  45*  and  riveted  to  the  web  the  compressive  displacement 
of  the  material  of  the  web  is  transmitted  thru  the  rivets  to  the 
stiffner  and  a  concentration  of  compression  by  Hooke's  law  would 
occur  in  the  plate  in  belts  following  a  Warren  system  instead  of  a 
Pratt.  The  path  of  greatest  compressive  displacement  is  thus  in- 
creased in  length  over  a  vertical  arrangement  and  heavier  stifTners 
would  be  required  while  the  detail  would  Ix'  inferior  for  the  support 
of  the  flanges  and  questionable  from  the  standpoint  of  counter 
■treflBee  which  are  well  provided  for  when  the  stifTners  are  applied 
vertically.  The  /'pacing  of  the  stiff ners  should  not  exceed  greatly 
the  depth  of  the  girder  nor  more  than  about  5'6"  for  the  heavy  deck 
girder  span. 

Upon  the  assumption  that  the  web  stresses  in  the  plate  girder 
follow  the  law  of  distribution  governing  a  beam  of  uniform  section, 
the  customary  manner  of  determining  the  length  of  the  cover  plate 
is  based.  But  the  truss  analogy  of  Mr.  Wilson  shows  that  this 
method  gives  too  scant  length  for  the  upper  flange  plates  and  rather 
liberal  lengths  for  lower  flange.  At  least  a  panel  excess  should  l)e 
allowed  for  the  upper  flange  plate  over  that  length  which  would 
render  the  variation  of  section  proportional  to  the  parabolic  curve 
of  moments  from  mid  span  to  end. 

The  theoretical  objection  urged  by  our  school  men  against  the 
truss  analc^y  is  that  horizontal  shear  thru  the  web  is  equilibrated 
at  mid  depth  and  constitutes  the  reaction  to  the  flange  stress.  That 
mathematical  theory  shows  such  a  state  of  shear  is  synonymous  with 
principal  tensile  and  compressive  stresses  at  45**  to  the  plane  of 
equilibration  of  shears;  hence  we  must  reject  the  experimental 
results  of  Turner's  tests  or  revise,  recast  and  find  what  is  wrong 
with  our  mathematical  theory. 

The  argument  emlK)die8  a  misconception  of  the  signiticance  of 
the  theory  and  its  mLsapplication.  Change  in  temperature  of  the 
metal  is  caused  by  displacement  of  the  molecules,  the  elastic  cooling 
effect  by  stretch  and  the  elastic  heating  by  8que<»w»  but  the  maxi- 
mum stretch  and  squeeze  are  the  joint  product  of  principal  stress  and 
shear  combined  instead  of  the  sole  product  of  the  principal  stresses. 

Sketch  Figs.  A  and  B  merely  locate  zones  or  areas  of  teniper- 
ature  change.  The  springing  of  the  buckled  web  locates  the  general 
direction  of  the  maximum  stretch.  To  determine  the  stress  line 
mechanism  refer  to  the  stress  line  analyins  of  the  20"  rolled  stc«'l 
eye  beam,  page  80,  Sec.  II,  noting  that  while  the  curves  of  principal 
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tension  and  compression  differ  little  from  the  rectangular  section, 
concentration  of  the  metal  in  the  flanges  causes  a  change  in  the 
shear  stress  area,  a  flattening  of  the  curves  of  greatest  shear  and  a 
corresponding  change  in  the  curves  of  greatest  displacement  and 
equi-potential,  i.e.,  the  direction  lines  of  greatest  squeeze  and 
stretch. 

Ribbing  the  web  by  vertical  stiffners  causes  a  further  flattening 
of  the  curves  of  greatest  vertical  shear,  a  rotation  of  the  curves  of 
displacement  (squeeze)  of  the  compression  zone  toward  the  stiffner 
and  a  like  rotation  of  the  curves  of  equi-potential  (squeeze)  in  the 
tension  zone  toward  the  stiffner.  Therefore,  by  investigating  the 
direction  of  the  curves  of  greatest  squeeze  and  stretch  (bisecting 
the  angle  between  the  curves  of  greatest  shear  and  principal  stress 
by  the  mathematical  theory)  we  find  that  the  truss  action  found  by 
experiment  should  have  been  a  priori  indicated  by  the  elastic 
theory  had  that  theory  been  heretofore  fully  understood  and  con- 
sistently applied. 

9.  The  Flange  Section  may  be  proportioned  from  the  moment 
of  inertia  of  the  net  cross  section,  but  computation  is  simplified  by 
treating  the  flanges  as  truss  chords  having  a  lever  equal  to  the 
distance  between  their  centers  of  gravity  and  adding  one-eighth  the 
cross  section  of  the  web  as  effective  flange  area.  This  rule  is  derived 
as  follows:  Since  the  mean  stress  in  the  web  (following  the  linear 
law)  is  half  the  maximum  and  the  lever  is  two-thirds  d/2  above  or 
below  the  neutral  plane,  the  resistance  of  the  web  would  be  as  one- 
sixth  its  area  concentrated  in  the  flange  were  it  not  for  the  rivet 
holes.  By  taking  an  eighth  of  the  area  instead  of  one-sixth  a  fair 
allowance  is  made  for  the  reduced  section. 

10.  Riveting  of  Flange  to  Web  must  develop  the  horizontal 
shear  necessary  to  the  unitary  action  of  the  web  and  flange.  If  the 
flange  be  assumed  to  resist  the  entire  moment,  then  it  is  argued  that 
from  the  equation  Sdx  =  dM,  the  shear  between  web  and  flange 
per  linear  inch  of  flange  equals  the  vertical  shear  S  divided  by  the 
distance  between  pitch  lines  of  the  two  flanges  in  inches.  Rivet 
spacing  has  usually  been  figured  by  this  rule-of-thumb  in  the  past. 

*Some  would  reduce  the  shear  to  be  thus  provided  for  by  one- 
sixth  as  an  allowance  for  web  resistance  to  moment  where  web  area 
equals  the  area  of  the  flanges  and  a  proportionately  smaller  amount 
where  its  relative  area  is  less. 

But  this  practice  is  founded  on  a  fundamental  misunderstanding 
*C.  W.  Bryan.     Modern  Framed  Structures. 
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of  beam  theory,  for  it  assumes  the  internal  shearing  strain  is  pro- 
portional to  the  external  shearing  force.  At  any  given  section  the 
external  shear  force  is  balanced  in  part  by  the  internal  shear  strain 
and  in  part  by  the  vertical  component  of  the  principal  stresses  as  is 
evident  from  a  glance  at  the  stress  line  mechanism  of  the  20''  beam, 
page  80,  Sec.  II. 

Elxternal  shear  force  gives  rise  to  external  bending  moment 
which  is  exactly  equal  to  and  balanced  by  the  internal  resisting 
moments  of  the  horizontal  fibers  at  mid  span  or  where  the  shear 
pnonm  thru  zero,  and  the  —  displacement  of  the  tension  and  com- 
pression flange  are  'ikewise  zero.  Regardless  of  the  disposition  of 
the  load,  whether  uniform  or  concentrated  the  law  of  summation 
or  increase  of  the  Jt  elongation  of  the  flanges  is  from  zero  near  the 
center  to  a  maximum  at  the  end.  Hence  the  shear  between  the  web 
plate  and  flange  resisted  by  the  rivets  increases  from  zero  at  this 
central  neutral  point  to  a  maximum  at  the  end. 

This  proposition  may  be  regarded  as  a  corollary  to  St.  Venant's 
demonstration  that  the  stress  lines  of  a  beam  remain  substantially 
unchanged  in  location  and  direction  under  any  change  of  symmet- 
rical load  from  uniform  to  a  central  concentration.  (See  page  81, 
Sec.  II.) 

Because  the  horizontal  rhombic  distortion  of  the  web  con- 
stitutes the  reaction  to  the  Jt  flange  elongations,  the  shear  be- 
tween web  and  flange  by  Hooke's  law  is  measured  by  the  magni- 
tude of  this  angular  deformation  which  was  termed  "h"  in  the 
nomenclature  of  Sec.  II  and  its  maximum  or  end  value  was  found 
in  a  simply  supported  girder  for  uniform  loading  as 

*'h"  'SFA/ZtLF 
in  which  F  is  the  modulus  of  shear,  A  the  area  of  flange  at  the  center, 
t  thickness  of  the  web  and  L  the  length  of  span.     Let  q  equal  the 
unit  shear  stress  at  the  end  between  web  and  flange  and  V  the  end 
shear  and  d  the  depth.    Then 

h  ~  g/F  "  S/A/StLF  »  2V/3td 
Since  /  -  VL/4Ad    therefore 

q  -  2V/3td 

Let  R  equal  the  rivet  pitch  and  B  the  allowed  bearing  value  per 
square  inch,  which  for  enclosed  bearings  may  be  taken  at  18,000 
lbs.  per  square  inch  for  medium  steel;  then 

R  -  B/q 
'I  he  double  shear  value  of  the  rivet  must  of  course  be  as  great  as 
the  l)earing  value,  but  the  latter  always  governs  in  the  economically 
designed  girder. 
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Accordingly,  exact  theory  shows  that  for  uniform  load  rivets 
may  properly  be  spaced  fifty  percent  further  apart  at  the  ends  but 
the  same  at  the  quarter  point  as  in  ordinary  practice.  Since  the 
angle  "h"  varies  as  a  third  degree  curve  whose  area  is  five-eighths 
its  rectangle,  the  excess  riveting  is  to  that  required  by  exact  theory 
as  2/3  x  5/8   :  1/2  ::  5    :   6,  a  twenty  percent  excess. 

For  a  case  of  two  heavy  concentrated  loads  at  one  sixth  L  from 
the  end,  the  values  would  be  slighly  in  excess  by  the  common 
theory,  but  at  the  quarter  point  deficient.  Our  erroneous  practice 
involves  in  ordinary  cases  a  material  waste  of  rivets,  while  in  case 
of  symmetrical  concentrated  loads  near  the  end,  a  twenty  to  thirty 
percent  deficiency  at  the  quarter  point  may  result.  For  locomotive 
loading  greater  waste  than  that  of  rivets  results  from  the  use  of 
excessively  thick  plates  for  bearing  values  in  keeping  with  false 
theory  and  the  adoption  of  a  depth  too  shallow  for  economy  in- 
creasing the  weight  and  decreasing  the  stiffness  of  the  design. 

For  the  cantilever  girder  the  common  theory  results  in  the 
closest  rivet  spacing  at  the  support  where  the  fewest  rivets  are 
needed  and  the  fewest  rivets  at.  the  end  where  the  most  ^are  theoret- 
ically required  and  the  same  statement  applies  to  the  cantilever 
portion  of  the  continuous  beam. 

Because  the  rhombic  shear  distortion  of  the  web  is  zero  at  the 
support  of  the  restrained  beam,  the  same  web  is  capable  of  resisting 
a  much  greater  external  shear  force  than  when  the  girder  is  simply 
supported.  Fewer  rivets  are  required  and  the  minimum  thickness 
of  web  plates  may  be  used  that  permanence  against  corrosion  will 
permit.  In  general  the  rivet  spacing  should  not  exceed  about  ten 
thicknesses  of  the  flange  metal  nor  over  four  inches  alternate  spacing 
in  the  flanges  of  deck  girder  spans. 

11.  The  Position  of  the  Load  for  the  Maximum  Hori- 
zontal Shear  on  the  Rivets  between  the  web  and  the  flange  is 
that  position  of  the  loading  which  produces  the  maximum  moment 
because  the  shear  between  the  web  and  the  flange  is  the  reaction  to 
the  moment  stresses. 

The  customary  practice,  having  determined  the  reaction,  is 
to  treat  the  reaction  as  tho  it  were  the  particular  vertical  shear 
which  produces  the  greatest  stress  on  the  rivets. 

Now  the  reaction  for  engine  loading  considerably  exceeds  the 
shear  which  produces  the  greatest  moment  by  fifteen  to  twenty- 
five  percent  which  together  with  the  error  of  the  common  theory 
is  partly  offset  for  the  girder  by  the  excessive  allowance  of  24,000 
lbs.  per  square  inch  in  bearing  on  the  web  instead  of  18,000  lbs.. 
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which  is  permissible.  But  for  the  truss  the  24,000  lbs.  bearing  per 
square  inch  of  our  A.  R.  E.  A.  specification  leads  to  undue  weak- 
nece  of  pin  plates  and  truss  joint«,  as  indicated  by  Howard's  column 
tests  discussed  in  Section  IV. 

12.  Enclosed  Bearing  and  One  Side  Bearing  Rivets:  Where 
the  rivet  bearing  is  enclosed  and  the  rivets  passing  thru  the  web 
plate  of  the  girder  are  in  double  shear  and  as  the  bending  of  the 
rivets  is  symmetrical,  they  develop  a  higher  bearing  value  than 
where  the  shear  is  single  and  the  rivet  tends  to  rotate.  This  rota- 
ting tendency  sho^ild  he  allowed  for  not  only  by  a  lower  bearing 
value  such  as  12,000  lbs.  per  square  inch  but  also  by  an  increase  of 
the  section  of  the  spliced  material  an  eighth  greater  than  the  section 
spliced  on  which  the  state  of  the  rivets  is  that  of  enclosed  bearing 
as  against  one  side  bearing  on  the  splice  bars.  Thus  butt  splice 
bars  should  have  a  combined  cross  section  an  eighth  greater  than 
the  part  spliced  as  recommended  by  Unwin  in  his  work  on  machine 
design. 

13.  Elastic  Working  Stress  on  the  Rivet  is  determined  by 
combined  direct  tension  due  to  the  shrinkage  in  cooling,  bending 
and  shear  due  to  its  load.  The  direct  tension  may  be  treated  as  a 
constant  for  rivets  of  different  sizes.  The  l)ending  is  relatively  less 
as  the  ratio  of  the  thicknesses  of  the  part  connected  divided  by  the 
diameter  of  the  rivet  decreases.  In  other  words,  bending  resistance 
of  the  rivet  increases  as  the  cube  of  its  diameter  while  the  shearing 
resistance  of  the  rivet  increases  as  the  square  of  its  diameter  and 
for  this  reason  larger  rivets  are  more  satisfactory  for  field  con- 
nections than  smaller  ones.  In  the  railroad  bridge  floor  and  stringer 
connections  1-1/8  inch  rivets  are  the  smallest  diameter  which  should 
in  general  be  used.  In  the  old  days  when  rivets  had  to  be  driven 
by  hand  7/8  inch  diameter  was  in  keeping  with  the  best  results  to 
be  secured  by  this  method  of  driving,  but  with  pneumatic  hammers 
in  general  use  today,  the  larger  diameters  of  rivets  are  readily  driven 
and  l>etter  results  may  accordingly  be  secured  by  their  use. 

14.  Smooth  Top  Flanges  for  Deck  Oirders  are  preferretl  by 
the  Maintenance  of  Way  Engineer  l>ecause  it  obviates  the  excessive 
notching  down  of  ties  and  cutting  for  rivet  heads.  An  example  of 
such  design  for  an  E60  loading  is  shown  in  the  accompanying  cut 
with  lateral  bracing  confined  to  the  compression  flange  with  ample 
section  provided  for  it«  rigidity,  while  the  bottom  flange  is  braced 
at  intervals  by  cross  frames. 
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CHAPTER  XXV 

ECONOMIC  TYPES,  HEIGHT  AND  PANEL  LENGTH  OF 
SIMPLE  SPAN  THRU  RAILROAD  BRIDGES 

PIN  VS.  rivf:ted  construction 

I.  Historical:  As  longer  and  longer  plate  girder  spans  were 
constructed,  rolling  mill  limitations  fixed  the  lengthwise  dimensions 
of  the  web  plates  vertically  requiring  so  much  metal  in  the  splices 
that  lack  of  economy  resulted  and  the  open  web  replaced  the  solid 
web  of  the  long  span  Brittania*  tubular  bridge  types.  The  metal 
in  the  open  web  is  concentrated  in  the  natural  lines  of  greatest  dis- 
placement of  the  stiffened  web  as  shown  by  the  experiment  with  the 
model  girders  and  we  have  the  lattice  girder  of  single,  double  or 
multiple  intersection,  as  the  case  may  be. 

Notable  in  early  timber  construction  of  bridges  is  the  Towne 
lattice  (1820)  made  of  planks  crossing  each  other  at  right  angles 
in  the  web  pinned  or  lK)lted  at  intersections  with  chords  of  heavier 
timljor  at  the  top  and  bottom  as  shown  in  the  figure.  The  unit 
system  of  the  multiple  webbing  is  illustrated  by  the  black  plank 
(after  Trautwine)  the  chords  being  common  to  all  the  web  triangu- 
lations. 


Thi.s  type  in  iron  has  lx?en  followed  in  many  continental  bridges 

and  some  in  this  country  and  Australia.    The  relatively  thin  plank 

gave  trouble  from  warping  and  twisting  and  the  *Burr  type  (1804) 

of  timber  construction  replaced  the  Towne  lattice.     Open  single 

•Nolabh*  Tubular  Bridge*  draigned  by  George  Stephenson  are  the 
<'onway  <»ver  .Menai  Straita,  4(K)-foot  span,  1848;  the  Brittania  two  aide 
xpana.  230  bv  23  feet  deep.  2  central  apana,  400  feet  long  with  3(>-fo()t  depth 
girders,  15'0"  on  rentera;  Bratherton  over  the  .\ire  and  the  Victoria  over  the 
St.  Lawrence  Kivi-r.  From  the  facta  noted  it  will  lie  aeen  that  the  earlv 
riveted  plate  girder  bridgea  had  deptha  up  to  30  f«»et,  while  today  we  think 
of  II  feet  as  the  limit  of  height.  '^ 

•Burr  truaa  over  the  1.4>high  Kivcr  at  liethlehem,  Pa.,  built  IIh6.  wm 
not  replaced  until  over  a  century  later. 
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triangulation  with  counter  stresses  relieved  by  an  arch  of  timber 
bolted  to  the  frame  as  illustrated  in  the  cut,  constituted  such  an 
improvement  that  Burr  trusses  over  a  hundred  years  old  are  still 
substantial  and  giving  good  service  in  parts  of  Pennsylvania  and 
the  East. 


tt  '»ll  HTM 


As  iron  became  cheaper  the  vertical  timber  tension  members  of 
the  Burr  truss  were  replaced  by  the  iron  tie  rods  of  the  Howe  im- 
provement (1840)  the  arch  for  counter  strain  being  replaced  by 
Howe  with  light  timber  counter  braces  or  true  truss  members. 


Vpptr  chord, 

and 

lateral  bracing 


%[lti4WffWH#tttHt^tt^ 


Half  end  elevation 

Lower  chord, 

lateral  braoinff 

and 

floor  tystem 


The  Warren  Truss  was  evolved  from  the  Towne  by  the  elimi- 
nation«of  the  multiple  cross  lacing  of  web  members  simplifying  the 
frame  to  a  SINGLE  INTERSECTION. 
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Progress  has  been  toward  simplification  toward  determinate 
types  and  economic  reduction  of  the  multiplicity  of  joints  and  con- 
nections of  older  work.  In  iron  for  the  lighter  structures  the  tie  bar 
was  cheaper  than  the  strut,  hence  the  idea  of  making  the  web  a 
maximum  of  tension  member  and  a  minimum  of  compression 
memt>er  led  to  the  reversal  of  the  direction  of  the  diagonal  main 
members  of  the  Howe  truss,  i.  e.,  vertical  posts  and  diagonal  eye 
bars  typical  of  the  Pratt  truss  (1844). 

.  In  tracing  the  chronology  of  the  bridge  types,  the  rapidity  of 
their  introduction  rather  than  the  date  of  invention  governs  from 
the  practical  standpoint  as  outlined. 

The  construction  of  metal  bridges  in  the  wake  of  the  old  timber 
bridge  was  influenced  by  the  practice  of  timber  construction  just 
as  the  concrete  building  in  its  early  days  was  influenced  by  the 
timber  and  steel  constructions  which  preceded  it. 

The  first  iron  truss  bridge  in  the  United  States  was  built  in  1840 
over  the  Erie  Cana'  by  Earl  Trumbull.  Some  members  were  cast 
and  some  wrought  iron.  In  1840,  Squire  Whipple  built  his  first 
bow  spring  truss  and  published  a  work  on  stresses  in  bridge  members 
in  1847.  His  first  double  intersection  truss  146  feet  in  span  was 
constructed  for  the  Rensselear  and  Saratoga  Railroad.  By  1850 
the  Pratt  trusses  were  made  entirely  of  metal.  Lattice  trusses 
entirely  of  wrought  iron  were  built  for  the  New  York  Central  Rail- 
road in  1859.  In  1861  J.  H.  Linville  introduced  forged  bars  and 
wrought  iron  web  members  using  cast  iron  for  the  upper  chords. 

The  first  Baltimore  type  truss  was  designed  in  1871  by  the 
Bridge  Department  of  the  Pennsylvania  Railroad.  In  1870  Parker 
modified  the  Pratt  truss  using  inclined  upper  chords,  an  improve- 
ment subsequently  adopted  with  the  Baltimore  type. 

2.  The  Truss  Principle  is  that  of  resistance  to  deformation 
by  axial  strain  along  the  length  of  the  truss  member. 

As  the  triangle  is  the  only  geometric  figure  that  is  incapable  of 
change  of  configuration  without  change  of  the  length  of  its  sides, 
the  truss  is  inherently  a  combination  of  triangular  frames.  Its 
investigation  from  the  economic  standpoint  as  in  the  l)eam  consists 
of  determining  the  economic  depth  and  the  form  and  economic 
number  of  triangular  units  combined  in  its  make-up. 

3.  Economic  Depth:  We  have  noted  in  plate  girder 
stringers  that  the  depth  of  the  web  should  preferably  be  not  less 
than  one-seventh  of  the  span  length.    When  the  web  is  made  open 
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its  weight  is  reduced  and  for  parallel  chords  economic  depth  in 
terms  of  span  length  is  increased  to  keep  the  economic  balance 
between  the  weight  of  web  and  the  weight  of  the  chord.  But  as 
the  span  length  is  increased  the  relative  depth  of  the  wind  or  lateral 
truss  decreases  and  the  angle  of  inclination  of  the  diagonal  members 
becomes  very  flat  if  the  panels  are  as  long  as  economic  main  truss 
panels  should  be  and  the  conflict  between  the  economic  require- 
ments of  the  lateral  truss  and  the  vertical  truss  must  be  compro- 
mised. With  the  pin  connected  type  of  bridge  jthis  compromise 
has  been  effected  in  some  designs  by  a  subdivision  of  the  Baltimore 
type,  the  sub-vertical  with  the  plain  Warren  or  by  double  inter- 
section, but  as  the  compromise  is  to  the  detriment  of  economy^  of 
the  main  truss,  the  best  arrangement  is  that  of  partial  independence 
of  the  paneling  of  the  main  system  and  the  lateral  system.  Such 
independence  is  readily  effected  with  the  riveted  type  of  structure 
and  impracticable  with  the  pin  connected  type.  This  constitutes 
the  first  count  in  favor  of  the  riveted  bridge  as  against  the  pin  con- 
nected type  and  which  will  be  more  fully  discussed  in  connection 
with  practical  design  of  economic  long  span  structures. 

4.  Relative  Economy  of  the  Pin  vs.  Riveted  Type  of 
Structure  was  a  subject  of  controversy  twenty-five  to  thirty-five 
years  ago.  Continental  engineers  favored  the  riveted  structure, 
claiming  for  it  greater  rigidity  without  sacrifice  of  economy. 
American  engineers  maintained  that  the  pin  connected  structure 
was  easier  to  erect,  weighed  less  and  while  not  as  free  from  vibration 
as  the  riveted  structures,  its  total  deflection  on  account  of  greater 
depth  was  less  and  that  there  was  a  degree  of  determinateness  and 
certainty  about  the  pin  connected  joint  which  was  lacking  in  the 
riveted  joint. 

For  comparative  purposes  we  illustrate  a  riveted  bridge  re- 
produced from  the  handbook  of  Dorman  Long  Company,  Ltd., 
of  Middlesbrough,  England,  showing  a  200-foot  span  English  bridge 
and  an  American  structure  from  Ketchum's  Handbook  representing 

Because  the  mechanical  analysis  of  stress  in  a  truss  frame  has  been  so 
fully  treated  by  many  authors,  the  student  will  be  here  referred  to  Ritter's 
work  (1879),  on  Iron  Bridges  and  Roofs,  Trans,  by  H.  R.  Sankey,  published 
by  Spon  &  Co.,  New  York  and  London,  and  to  Researches  in  Graphic  Statics 
by  H.  T.  Eddy,  1878,  as  best  covering  the  ground  not  treated  in  the  present 
investigation.  In  fact  the  discussion  of  trusses  in  Trautwine  or  American 
Engineers  Pocketbook  covers  the  elementary  principles  employed  in  the 
present  investigation.  Ritter's  treatment  of  moments  and  the  determination 
of  truss  forms  meeting  arbitrarily  fixed  maximum  stress  relations  it  is  thought 
will  prove  of  value  in  conveying  a  broader  comprehension  of  the  subject. 
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a  riveted  bridge  designed  by  Mr.  Hedrick  of  160-foot  span  and  a  pin 
connected  bridge  designed  by  Mr.  Modjeski  of  150-foot  span. 

Compare  the  floor  beam  connections:  In  the  riveted  structure 
the  beams  are  square  ended.  In  the  pin  structure,  the  web  is  cut 
away  to  clear  the  pin  and  arrange  for  the  lateral  connection  ex> 
pensive  shop  work  and  heavy  gusset  plates  are  required  which  are 
unnecessary  with  the  riveted  structure.  The  150-foot  pin  span  was 
designed  for  E50  live  load  and  weighs  315,000  lbs.,  tin  riveted  160- 
foot  span  was  designed  for  EM5  loading  and  weigh.s  303,000  lbs., 
since  its  length  is  ten  feet  greater,  it  appears  from  the  relative 
weights  that  there  is  some  difference  in  favor  of  the  riveted  structure. 
While  the  English  design  lacks  economic  depth,  has  too  many  panels 
for  economy,  its  deficiency  is  that  of  degree  only  as  neither  of  the 
designs  compared  present  economic  panel  lengths  for  their  respec- 
tive loads  and  spans. 

The  shop  work  for  the  same  panel  length  is  less  for  the  riveted 
bridge  than  it  is  for  the  pin  connected  type  shown.  A  true  compa- 
rison of  the  relative  merits  of  the  types  involves  investigation  of 
the  respective  structures  arranged  with  the  most  economic  panel 
lengths,  heights,  and  details  for  each. 
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An  Amkrican  Rjvetkd  Span 
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Single  Track  Through  Pin-connected  Railway  Bridge. 


5.  Investigation  of  Economic  Panel  Length  is  simplified 
by  the  fact  that  the  amount  of  the  tension  members  equals  the 
amount  of  compression  members  measured  by  the  summation  of 
the  products  of  the  strain  times  the  length  of  the  members  for  any 
truss  regardless  of  the  number  of  panels.  Therefore,  the  products 
of  the  strain  times  the  length  of  the  members,  i.  e.,  the  strain  area 
is  a  determinant  of  relative  economy  as  the  number  of  panels  are 
increased  one  at  a  time. 

In  Section  I,  page  16,  Chapter  I,  Art.  21,  the  principle  of  con- 
servation of  maximum  and  minimum  fiber  stress  areas  in  an  elastic 
solid  was  demonstrated.  Analogous  to  this  principle  in  the  elastic 
solid  we  find  in  the  truss  frame  a  like  conservation  of  tensile  and 
compressive  strain  areas  as  may  be  seen  in  the  computation  in  the 
following  article.  Having  investigated  the  law  of  variation  of  truss 
weight  with  the  variation  of  depth  and  panel  length  and  found  the 
economic  proportions  for  the  truss  we  may  proceed  to  investigate 
the  divergent  weights  of  floor  for  different  lengths  of  panel  and 
number  of  floor  beams  involved,  completing  the  analysis. 

6.  The  Strain  Area  Coefficient  measures  the  result  of  the 
investigation  suggested  in  Art.  4.  The  most  convenient  unit  is 
W  =  wL,  the  total  load  on  the  span,  as  the  unit  measure  of  strain. 
The  depth  is  conveniently  taken  in  fractional  parts  or  decimals  of 
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L,  the  span  lenf^th.  Then  the  coefficient  embodies  the  weight  or 
load,  the  span  length,  the  depth  of  the  truss  and  constitutes  a  suit- 
able unit  for  the  investigation  of  economic  proportions  and  rela- 
tions. 

The  particular  advantage  of  selecting  the  weight  unit  as  the 
product  of  the  uniform  load  times  the  length  of  the  span  for  com- 
parative purposes  arises  from  the  fact  that  a  dififerent  percentage 
of  the  unit  W  is  carried  by  the  truss  with  different  divisions  of  the 
truss  in  panel  lengths.  Thus,  in  a  two-panel  truss  but  half  of  W 
enters  into  the  truss  as  a  determinant  of  .strain  and  section;  when 
there  are  three  pan^is  two-thirds  W  functions  in  producing  stress 
and  strain  in  the  trass;  when  there  are  four  panels,  seventy-five  per- 
cent of  W  functions  in  this  wise;  when  there  are  five  pam  1-.  <  luhty 
percent,  etc. 

The  unit  thus  takes  into  consideration  the  amount  of  weight 
which  enters  into  the  determination  of  the  section  of  the  trus» 
automatically.  By  measuring  the  strain  length  in  terms  of  L,  the 
span,  the  depth  as  a  fraction  of  L  enters  into  the  unit.  So  that  we 
have  the  manner  of  distribution  of  the  load  in  its  concentrations  at 
the  panel  points,  the  depth  of  the  truss,  the  inclination  and  the  artic- 
ulation of  all  of  the  elements  except  minor  details  of  the  floor 
system  which  maj'  be  readily  investigated  or  approximated  when 
we  know  the  economic  relations  of  the  main  truss  sections. 

Problem  (a) 


Given  a  triangular  truss  of  two  panels  ABC.  As  the  height  eciual* 
the  panel  length  Tan  6-1.     Sec.  8  -  1.414.     Hence 

Bottom  chord  strain  area  «  W/4  x  1  x  L  »  WL/A 

Rafter  strain  area  -  W/4  x  1.414  x  .707  L  x  2  -  H'L/2 

Hanger  strain  area  =  W/2  x  L/2  »  WL/A 

Therefore,  the  sum  of  the  individual  strain  areas  efjuals  2  S.  A. 
the  coefficient  wanted,  equals  unity  in  terms  of  WL.  If  the  height 
be  increaaed  to  0.6L  then  IS.  A.  »  1.015  WL.  If  it  hv  decrea.sed 
to  0.4L  then  the  coefficient  increases  to  1.0245  WL.  Therefore 
L/2  is  approximately  the  economic  height. 


44  Determinants 

7.  The  Economic  Depth  was  found  for  the  plate  girder  when 
the  weight  of  the  flange  material  resisting  horizontal  stresses  of 
moment  equals  the  weight  of  the  material  which  resists  the  vertical 
forces  of  external  shear. 

In  the  triangular  truss  of  the  preceding  problem  it  seems  at 
first  difficult  to  apply  this  rule  because  the  rafters  or  inclined 
members  resist  both  horizontal  stresses  of  bending  and  shear  of 
vertical  forces.  However,  we  know  that  the  material  of  the  rafters 
resists  equally  in  this  case  horizontal  and  vertical  forces  then  should 
half  the  weight  of  the  rafters  plus  the  weight  of  the  hanger  repre- 
sent web  material  and  the  other  half  the  weight  of  the  rafters  and 
the  bottom  tie  represent  the  chords  or  moment  resisting  members 
and  the  criterion  of  economic  depth  is  in  this  instance  wheft  half 
the  weight  of  the  rafters  plus  the  hanger  equals  exactly  the  weight 
of  the  horizontal  chord  member  plus  half  the  weight  of  the  rafters 
as  measured  by  the  strain  area. 

A  depth  of  L/2  exactly  fulfills  this  condition  and  no  other  depth 
ratio  can  do  so.  By  applying  this  determinant  of  the  economic 
depth,  the  depth  which  will  fulfill  the  criterion  almost  exactly  may 
be  approximated  from  the  first  computation. 

8.  Determination  of  Economic  Panel  Length  is  simplified 
by  determining  the  strain  area  coefficients  for  different  frames  and 
a  sufficient  variety  of  panel  lengths.  For  example  if  the  span  be 
150  feet,  for  a  heavy  loading  we  may  proceed  to  investigate  frames 
of  three  and  four  panel  lengths. 

Starting  with  two  panels  and  a  depth  of  four-tenths  L,  the 
strain  area  coefficient  is'found  to  be  .8644;  and  examining  for  shear 
and  moment  strain  areas  substantial  equality  of  the  two  is  found 
for  this  depth.  But  40  feet  in  depth  for  100-foot  span  is  somewhat 
excessive  and  the  strain  area  coefficient  for  a  depth  one-third  of  L 
may  be  figured:     For  this  depth  Tan  6  =  .75     Sec.  0  =  1.25 

Bottom  chord  1-1  =  .1875  L  W 

Top  chord  uu        =  .1875  L  W 

Diagonals  2  (m-2)  =  .5207  L  W 
Total  =  .8957  L  W 
Th'js  th3  depth  may  be  reduced  quite 
materially  from  the  economic  height 
with  but  a  small  change  in  the  coeffi- 
cient. 

For  more  than  two  panels  the  condition  of  partial  (live)  load  is 
to  be  considered.  Since  the  impact  stress  and  allowance  therefor 
is  greater  for  the  web  member  than  for  the  chords  we  may  closely 
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approximate  the  practical  conditions  of  the  railroad  bridge  by 
treating  the  fraction  of  W  constituting  the  panel  load  as  a  live  load 
for  the  entire  web  system. 

The  accompanying  figure  shows  the  variation  of  the  economic 
depth  ratio  and  strain  area  coefficient  with  variation  of  the  number 
of  panels  from  two  to  twelve  in  span  length  for  parallel  chord 
Warren  and  Pratt  truss  diagrams. 

The  minimum  strain  area  diagram  illustrating  the  depth  ratios 
gives  a  clear  idea  of  the  variation  of  the  angularity  of  triangulation 
with  a  fixed  type  and  different  numbers  of  panels. 

9.  The  Economic  Panel  Length  is  indicated  by  the  stra'n 
area  coefficient  as  an  index  of  economy  since  the  truss  weight  will 
increase  or  decrease  approximately  as  these  coefficients. 

Thus  the  strain  area  coefficient  for  a  three  panel  150-foot  span 
is  1.1,  for  a  six  panel,  1.6,  nearly  an  increase  of  forty-five  percent. 
But  for  the  whole  bridge  floor  weight  is  one-third  and  the  economic 
saving  will  be  a  trifle  less  than  thirty  percent  of  the  total  figured  in 
percent  of  the  fighter  or  more  economical  truss  or  twenty  percent 
or  more  as  a  reduction  in  weight  of  the  heavier  design. 

Doubling  the  panel  length  of  ordinary  practice  is  a  simple 
prescription  for  so  great  a  saving,  but  there  are  other  essentials  to 
make  it  workable.  On  the  debit  side  of  the  ledger  the  str'nger 
moment  and  impact  triple  as  the  length  of  the  panel  in  the  150  foct 
span  suggested  is  doubled.  On  the  credit  side  with  three  pane's 
there  are  four  stringer  connections  with  800,000  lbs.  shear  plus 
impact  —  480,000  —  1,280,(X)0  lbs.  to  provide  for  against  1.050,000 
plus  900,000  impact  =  1,950,000  lbs.  to  provide  for  in  connections 
and  field  rivet«  with  six  panels.  With  three  panels  there  are  four 
beam  connections  800,000  shear  plus  impact  480,000  against 
1,950,000  with  ten  beam  connections  of  the  six  panel  truss,  i.  e., 
the  field  riveting  in  the  floor  is  two-thirds  as  great  with  three  panels 
as  with  six.  There  are  six  stringers  for  shop  work  with  the  long 
panels  against  12  with  short  and  two  floor  beams  against  five. 
With  a  three  panel  truss  there  are  but  five  main  joints  against  12 
with  the  six  panel  truss. 

By  making  the  stringers  continuous,  shortening  the  end  panel 
and  lengthening  the  center,  the  moment  may  be  reduced  and  the 
stiffness  increased  largely  by  increasing  the  depth  of  the  web  plate 
in  keeping  with  continuity  and  the  increase  in  span  length.  The 
stringer  weights  for  the  longer  panel  will  then  excwd  those  for  the 
shorter  by  the  increase  in  web  weight  which  is  off -set  by  the  saving 
in  flfMir  l>eams  and  connections. 
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48  Stiffness 

Those  who  have  been  responsible  for  the  maintenance  of  old 
overloaded  bridges  have  had  to  patch  up  connection  angles,  split 
down  the  root  for  the  lack  of  continuity  of  top  flange  or  have  had 
to  cut  out  and  redrive  many  rivets  in  too  shallow  bridge  floors  will 
best  appreciate  the  practical  merit  of  the  suggested  innovation. 

10.  The  Relative  Vertical  Rigidity  of  the  truss  is  measured 
by  the  strain  area  coefficient. 

Comparing  a  three  panel  and  a  six  panel  150-foot  span  of  eco- 
nomic depth,  the  three  panel  is  nearly  one  and  a  half  times  as  stiff 
as  the  six  panel  since  their  respective  strain  area  coefficients  are 
as  1.1   :  1.6. 

Maximum  stiffness  and  truss  economy  thus  go  hand  in  hand 
because  the  strain  area  is  a  minimum  for  the  economic  depth.' 

1 1 .  The  Lateral  Stiffness  of  the  single  track  railroad  bridge 
is  satisfactory  or  deficient  dependent  largely  upon  the  use  of  stiff 
riveted  bracing  and  a  scientific  triangulation  of  the  lateral  truss 
system.  In  a  vertical  Pratt  truss  no  one  would  think  of  inclining 
the  ties  to  as  flat  an  angle  as  would  result  from  a  twenty-five  or 
thirty  foot  panel  length  for  a  depth  as  shallow  as  seventeen  feet. 
Nevertheless,  just  that  kind  of  triangulation  is  the  rule  rather  than 
the  exception  in  the  floor  laterals  of  our  thru  railway  bridges. 

With  nine  lateral  panels  in  a  150-foot  span,  the  strain  area  for 
17-foot  center  to  center  trusses  gives  a  coefficient  for  moving  load 
of  .19;  for  six  (25  foot)  panels  .312;  for  five  (30)  foot  panels  it  is 
.356.  Therefore,  nearly  double  the  metal  is  required  for  indentity 
of  panel  dimension  of  the  vertical  and  lateral  webbing  that  is  re- 
quired with  independent  paneling.  Moreover,  as  far  as  the  part 
contributed  by  the  diagonals  to  the  lateral  deflection  the  stiffness 
is  twice  as  great  with  the  better  triangulation  of  shorter  lateral 
panel  lengths. 

Because  independence  of  lateral  and  main  truss  triangulation 
is  impracticable  with  the  pin  connected  eye  bar  chord,  such  a  chord 
is  out  of  its  element  in  the  simply  supported  railroad  bridge  struc- 
ture. 

12.  Combined  Resistance  or  Coordinated  Unitary  Later- 
al Action  of  all  the  members  of  a  floor  system  scientifically  ar- 
ranged is  productive  of  the  greatest  possible  rigidity.  Thus  with  a 
favorable  lateral  triangulation  the  laterals  should  be  so  substan- 
tially riveted  to  the  stringers  that  the  stringers  and  riveted  chords 
function  as  a  part  of  the  lateral  truss.  In  the  150-foot  span  just 
discussed,  because  the  section  of  the  stringer  is  about  twice  as  great 
as  that  of  the  chord,  while  its  lever  is  half  as  great,  the  lateral  strain 
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in  the  chord  may  be  reduced  by  half  and  the  amplitude  of  the 
vibtations  from  train  impact  in  a  greater  ratio. 

The  wood  floor,  rails,  steel  and  wood  guards  can  be  made  to 
contribute  their  approximate  share  by  inserting  between  the  8" 
X  10"  ties  a  4"x4"xlO"  long  spiked  vertically  to  tho  oiul  of  tho  tie. 
Under  derailment  with  this  detail,  no  bunching  up  <>i  in  >  tan  occur 
moreover  with  in  and  out  steel  guard  angles  of  6"xti"x5  8"  metal 
well  fastened,  a  high  degree  of  lateral  rigidity  is  presented  by  this 
wood  and  steel  combination  decking  adding  its  proportionate  share 
to  the  combined  rigidity  of  the  entire  floor  system. 

13.  The  Lateral  Rigidity  of  the  Main  Trusses  of  tho  thru 
bridge  depends  upon  the  joint  rigidity  of  the  top  and  bottom 
bracing,  the  portals,  sway  frames  and  the  articulation  of  the  main 
truss  meml>ers. 

Stiff  bracing  is  the  first  essential  for  rigidity  and  two  or  three 
lateral  system  panel  divisions  should  be  made  to  one  of  main  truss 
panels,  because  the  depth  in  the  sense  of  horizontal  distance 
between  chords  is  relatively  but  half  or  a  third  as  groat  as  the 
height  of  the  main  truss  at  mid  span.  As  in  the  main  truss  single 
intersection  for  top  laterals  is  more  economical  than  double  inter- 
section and  nothing  is  to  be  gained  in  the  top  system  by  symmetry 
as  is  the  case  with  the  bottom  lateral  arrangement.  Riveted  artic- 
ulation is  far  preferable  to  the  pin  joint. 

In  the  portals  the  breadth  of  the  end  post  or  its  cover  plate 
determines  or  limits  the  sway  of  the  upper  portion  of  the  truss. 
Rigid  restraint  of  the  end  post  at  the  base  thru  the  height  that  the 
depth  of  the  stringer  permits  quadruples  the  stiffness  as  compared 
to  the  condition  of  posts  unrestrained  at  the  base.  In  like  manner 
the  efficiency  of  intermediate  sway  frames  is  determined  by  the 
transverse  breadth  of  the  posts  to  which  the  frame  attaches  and 
these  dimensions  should  \)c  worked  out  with  the  foregoing  con- 
siderations in  mind. 

14.  The  Arched  Top  Chord  is  the  Most  Economic  Truss 
Configuration  booauso  it  takos  advantage  of  tho  divorso  laws  of 
increase  in  magnitude  of  the  shear  and  moment  which  it  is  called 
upon  to  resist.  Thus  the  moment  increases  approximately  as  the 
ordinat(>s  of  a  paral>ola  from  the  end  towanl  the  center  and  the 
arched  top  chord  gives  the  maximum  depth  or  lever  arm  for  re- 
sisting moment  at  mid  span. 

Conversely  the  vertical  shear  increases  from  mid  span  toward 
the  support.     Hence  the  heaviest  web  members  arc  toward  the 
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support  and  these  are  shortened  and  reduced  in  weight  by  curving 
the  top  chord  downward. 

Moreover,  by  its  inclination  the  arched  chord  functions  in  a 
dual  capacity,  the  horizontal  component  of  its  stress  may  be  re- 
garded as  resisting  moment  proper  and  its  vertical  component  as 
resisting  shear  so  that  the  cross  section  of  all  the  web  members  are 
economically  reduced  by  this  action. 

15.  The  Parabolic  Arched  Chord  presents  properties  most 
instructive  to  the  student  of  economic  design.  Because  the  force 
polygon  of  a  uniform  load  is  parabolic,  the  web  strains  for  this 
particular  loading  are  reduced  in  function  to  that  of  a  hanger  carry- 
ing the  weight  to  the  supporting  arch.  The  bottom  chord  acts  as 
a  tie  with  uniform  strain  thruout.  The  top  chord  stress  increases 
from  the  center  toward  the  support. 

Let  D  equal  the  depth,  L  the  span  and  W  the  total  load  uniform- 
ly distributed.  Then  TFL/8  equals  the  maximum  moment  at  mid 
span  and  WL/^D  equals  the  bottom  chord  stress  and  its  strain 
area  is  TTL^/SD,  which  for  equilibrium  must  be  balanced  by  the 
horizontal  component  of  the  top  chord  strain  area  for  each  incre- 
ment of  span  length  from  the  end  toward  the  center  because  there 
is  no  diagonal  component  under  uniform  load  in  the  web  stress. 

Now  the  vertical  component  of  the  arched  chord  at  the  support 
equals  the  reaction  equals  TF/2  and  the  variation  in  magnitude  of 
this  component  between  the  support  and  mid  span  is  proportional 
to  the  tangent  offsets  of  the  curve  from  the  center  to  the  ends,  and 
the  mean  of  these  being  Z)/3  from  the  properties  of  the  parabola, 
the  vertical  component  of  the  arched  chord  strain  area  is  W /2 
times  DL/^,  equals  WLD/Q.  Now  the  strain  area  of  the  sum  of 
the  hangers  is  obviously  2WD/S  and  for  a  minimum 

WLD/6  +  2WD/S  =  WL^/4D. (a) 

Solving     D  =   V  3LV(2L  +  8)  =  .546L (6) 

In  the  left  of  equation  (a)  since  D  is  substantially  3^L  the 
second  term  representing  the  hangers  is  4/7  of  the  left  member  of 
the  equation  and  the  reduction  for  the  value  of  D  for  live  load 
treated  in  the  previous  example  would  approximate  D  =  .37L. 

But  such  relative  height  at  the  center  is  extreme  or  top  heavy 
from  the  practical  standpoint  and  deficient  for  the  portal  at  the  hip 
and  that  form  of  arched  chord  in  which  the  maximum  stress  is  a 
constant  will  now  be  investigated. 

Take  an  eight-panel  truss,  number  the  bottom  panel  points  0, 
1,  2,  3,  4  to  the  center,  the  top  apices  b,  c,  d,  e.  Suppose  the  load 
to  be  ten  kps  at  each  panel,  then  R  =  35. 
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Make  bl  normal  to  be;  c2  normal  to  cd  and  dS  normal  to  dc; 
then  for  a  constant  stress  (S)  in  the  arched  chord  the  length  W  c2, 
da  may  be  determined  at  once  from  the  following  moment  equation : 


About  1       /?a  -  S  X  61 
About  2    2Ra  -  S  X  c2  -  10a 
About  3     3/?a  -  5  X  rf3  -  (30o) 
Length  61    =  /?  a  +  S 
Length  c2    =  (70a  -  10a)/S 
Length  rf3  -  (105c  -  30a) /5 


If  .S  »  1.6  R  then  6/  =  .875a;    c2  =  1.07a  and  d3  =  1.34a. 

Thus  the  particular  form  of  the  truss  conforming  to  an  arbi- 
trary stress  magnitude  in  the  chord  members  may  be  readily  deter- 
mined except  .S  is  assumed  equal  to  or  less  than  the  reaction  R 
when  the  conditons  can  no  longer  be  complied  with. 

16.  Pauli*s  Qirder  is  a  girder  having  uniform  stress  intensity 
in  the  arched  chord  with  Pratt  webbing.  The  tangent  offsets  from 
the  center  outward  increase  roughly  as  the  square  of  the  distance 
from  the  center  stopping  at  the  hip  joint,  and  sucli  dtfcnnination 
of  the  heights  having  given  the  center  depth  and  »*levation  of  the 
hip  approximate  under  these  imposed  conditions  the  most  economic 
and  graceful  form. 

17.  Uniform  Section  of  the  Chords  is  conducive  to  sim- 
plicity of  detail  and  economy.  The  preceding  investigation  demon- 
strates the  impossibility  of  uniform  stresses  in  both  chords,  hence 
that  triangulation  which  results  in  the  least  variation  of  both  is 
preferable.  A  somewhat  greater  height  at  the  hip  than  uniformity 
of  arched  chord  stresses  requires  w^ill  render  the  end  post  stresses 
somewhat  less  than  the  section  at  mid  span,  reduce  the  stresses  in 
the  end  web  members,  give  necessarv-  height  for  a  rigid  portal  frame 
and  result  in  a  more  economical  diagram. 

The  web  members  in  the  truss  diagram  just  figured  for  uniform 
maximum  stress  in  the  arched  chords  lack  practical  uniformity  of 
triangulation  which  is  corrected  in  the  diagrams  of  designs  illus- 
trated later. 

As  uniform  cross  sections  simplify  detailing  so  also  does  the 
arrangement  of  the  arched  chord  segments  in  EQUAL  LENGTHS 
thiTohy  permitting  the  same  top  lateral  triangulation  to  suffice  for 
all  piiiicls. 
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The  economic  depth  of  parallel  chord  diagrams  of  like  number 
cf  panels  may  best  be  taken  for  the  first  approximation  and  the 
strain  area  worked  out  graphically  and  apportioned  for  web  and 
horizontal  flange  or  shear  and  moment  and  the  exact  depth  may  be 
determined  from  these  numerical  strain  areas. 

Whether  this  depth  should  be  followed  or  lessened  depends  on 
the  width  of  the  structure  whether  single  or  double  track  as  the  over 
turning  tendency  of  wind  and  the  increased  cost  of  erection  with 
increased  height  is  to  be  considered  without  losing  sight  of  the  fact 
that  the  vertical  stiffness  decreases  as  the  depth  is  decreased.  A 
considerable  reduction  of  depth  such  as  10  percent  from  that  of 
the  minimum  strain  area  does  not  greatly  increase  the  weight  as 
indicated  by  the  investigation  in  Chapter  XIV,  Art.  3. 

A  height  exceeding  about  three  times  the  out  to  out  width  of 
the  truss  should  be  avoided  by  spreading  the  trusses  more  than  the 
minimum  clearance  requires  for  the  long  span. 

18.  Economic  Sections  of  Compression  Members:  In  the 
present  day  design  of  top  chord  compression  members  and  the  same 
is  true  to  some  extent  in  the  design  of  posts,  the  influence  of  the  old 
commercial  pool  on  the  price  of  beams  and  channels  is  still  in 
evidence.  Some  thirty  years  ago  the  mills  fitted  for  the  turning 
out  of  beams  and  channels  charged  a  differential  for  these  shapes 
considerably  higher  than  the  base  price  of  plates  and  angles  with 
the  result  that  the  fabricating  shops  used  beams  and  channels  as 
little  as  possible  and  fabricated  their  sections  from  plates  and  angles 
thus  establishing  a  custom,  the  influence  of  which  is  marked  even 
at  the  present  day  when  the  combination  prices  have  long  been 
abandoned. 

In.  Section  IV,  page  82,  a  photograph  of  the  failure  of  built  up 
sections  of  plates  and  angles  tested  by  the  Bureau  of  Standards  is 
shown.  The  plates  and  angles  which  are  riveted  together  and 
assumed  in  column  theory  to  act  as  a  solid  are  there  split  apart, 
the  rivets  sheared  and  separated  as  the  ultimate  strength  is  de- 
veloped. 

Because  the  mills  are  today  rolling  eye  beam  sections  up  to  30 
inches  in  depth  with  a  flange  width  of  15  inches  and  an  area  of 
section  of  60  inches  and  upward,  there  is  no  necessity  for  the  large 
amount  of  shop  work  involved  in  riveting  plates  and  angles  to- 
gether for  an  eye  or  a  channel  section  in  the  makeup  of  a  chord  and 
then  assuming  that  the  elements  thus  imperfectly  fastened  together 
act  as  a  solid  notwithstanding  ample  experimental  evidence  that 
they  do  not  act  in  that  manner  when  tested  to  destruction. 
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The  simplest  possible  top  chord  is  accordinKly  made  up  of  two 
deep  eye  beam  sections  with  a  cover  plate  riveted  to  the  top  flange. 
Doo  dab  lacing  with  its  pantograph  action  becomes  unnecessary 
with  a  design  of  this  kind.  Cast  steel  separators  flaniced  to  be  sub- 
stantially riveted  to  the  cover  plate  and  top  and  bottom  inside 
flanges  of  the  eye  l>eam8  and  the  webs  render  the  three  parts  a 
unitary  wliolc  requiring  only  that  the  separator  diaphragms  be 
sfkaced  apart  not  more  than  40  L/R  of  the  individual  eye  beams. 
These  separators  or  cast  diaphragm  frames  furnish  resistance  to 
torsional  deformation,  render  the  cover  plate  and  the  beam  web 
stifler  under  longitudinal  compression,  do  not  distort  the  section 
as  lac'ng  does  and  constitute  a  simple  detail  great  y  reducing  the 
shop  work.  Present  day  shop  equipment  renders  cutting  away  one 
flange  of  the  beam  at  the  panel  points  for  the  proper  attachment  of 
the  gussets  a  relatively  inexpensive  matter. 

To  cover  the  natural  deficiencies  of  laminated  plate  and  angle 
sections  relatively  short  panel  lengths  have  been  adopted  or  truss 
sub-divisions  which  require  the  support  of  the  compression  members 
at  one  or  more  points  in  the  panel  length  by  sub-struts  which 
functi<tn  III*  i«ly  to  support  a  member  too  weak  to  carry  its  stress 
between  the  main  panel  points  and  performs  no  other  function 
except  a  detrimental  one  of  increasing  the  secondarj'  stresses  in  the 
frame  and  adding  to  its  work  of  supporting  dead  weight. 

Nick  Nack  triangulation  may  be  economically  avoided  by  the 
adoption  of  stable  bulk  dimensions  for  the  compression  members. 
This  is  particularly  true  in  the  posts.  With  the  arch  top  chord  four 
or  eight  angle  sections  laced  with  channels  in  the  plane  of  l)ending 
and  with  angles  in  the  transverse  plane  can  be  readily  arranged 
with  a  radius  of  gyration  sufficient  so  that  no  sub-supports  are 
required  in  the  height  of  the  truss.  The  appearance  of  the  frame 
is  improved  by  the  simplicity  of  the  diagram  and  its  economy  en- 
hanced in  accordance  with  the  fundamental  principles  of  aesthetic 
design  outlined  in  Art.  10,  Chapter  XXIII. 

19.  Eye  Bar  Bottom  Chords  lack  the  rigidity  and  directneis 
of  the  transfer  of  stress  from  the  web  memljers  to  the  chord  that  18 
possible  in  the  makeup  of  the  riveted  frame.  Their  disadvantages 
in  entailing  dependence  of  the  lateral  system  paneling  upon  thmt 
selected  for  the  main  truss  have  l>e<;n  commented  upon  in  the  pre- 
ceding article  and  in  sununing  this  discussion  there  remains  to  be 
considered  the  amount  of  metal  which  is  required  for  the  details 
of  the  eye  bar  heads  against  the  excess  of  the  gross  section  over  the 
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net  section  in  the  makeup  of  the  riveted  member  and  in  the  splicing 
of  the  same  at  the  panel  points. 

Now  for  25-foot  panels  the  excess  metal  in  the  eye  bar  heads 
amounts  to  substantially  twenty  to  twenty-five  percent  of  the  total 
section.  In  making  up  a  riveted  section,  10  to  12  percent  is  enough 
to  cover  the  metal  cut  out  by  necessary  rivets.  Hence  there  is 
ample  advantage  in  the  weight  of  the  gross  section  of  the  riveted 
tension  member  over  that  of  the  eye  bar  to  cover  additional  details 
of  lacing  and  leave  something  to  the  good.  Again,  because  with 
the  riveted  section  a  member  50,  60  or  80  feet  can  be  designed  so 
that  its  depth  to  length  ratio  is  unobjectionable  from  the  stand- 
point of  rigidity,  whereas  even  if  we  could  make  an  attachment  to 
the  eye  bars  for  the  laterals,  their  depth  ratio  to  panel  length  would 
render  them  too  limber  under  the  vibration  of  train  loading. 

Universal  Mill  plates  can  be  secured  in  lengths  from  70  to  100 
feet,  and  in  making  up  a  heavy  tension  chord,  the  plates  may  be 
dovetailed  at  the  panel  points  so  that  the  gussets  for  connecting 
the  web  members  and  laterals  will  furnish  the  additional  material 
necessary  to  satisfactorily  splice  these  chords  and  we  may  therefore 
conclude  that  the  riveted  bottom  chord  member  is  more  economical 
than  the  eye  bar  chord  with  the  advantage  of  greater  stiffness  and 
better  details  for  the  lateral  connections. 

20.  Riveted  Construction  is  Preferable  to  the  Pin  Con- 
nected Structure  for  all  railroad  bridge  spans  because  not  only 
are  the  riveted  chords  cheaper  than  the  eye  bar  chord  as  dis- 
cussed in  the  preceding  article  but  the  floor  beam  connections  are 
simplified. 

Square  ended  beams  may  be  used  and  cutting  the  web  out  for 
the  pin  and  the  expensive  gussets  to  reinforce  the  web  which  would 
otherwise  be  too  weak  are  avoided.  For  the  diagonals  members 
can  be  used  longer  than  eye  bars  may  be  secured  without  a  break 
and  greater  stiffness  and  economy  results.  Accordingly  we  may 
conclude  that  the  riveted  railroad  bridge  for  standard  E60  loading 
can  always  be  built  with  less  metal  and  greater  stiffness  may  be 
secured  with  riveted  sections  than  it  is  possible  to  design  using  eye 
bars  and  pin  connections. 

Continuity  of  stringers  should  be  embodied  in  all  designs  to 
secure  greater  stiffness  of  the  floor  and  the  avoidance  of  tension  on 
the  rivet  heads  of  the  stringer  connections  and  the  over  strain  of 
the  connection  angles  themselves,  which  has  in  the  past  constituted 
a  most  troublesome  deficiency  in  the  maintenance  of  old  bridges 
with  shallow  stringers. 
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In  securing  this  continuity,  we  may  depend  upon  milling  the 
end  of  the  bottom  chord  angles  and  developing  a  larger  part  of  their 
strength  in  this  way  by  bearing  against  angles  of  the  floor  beams 
supplemented  by  the  short  cover  plate  crimped  over  the  bottom  <rf 
the  flange.  For  the  continuity  of  the  top  flange  it  is  better  to  make 
the  stringers  deeper  than  the  beam  so  that  the  flange  angles  may  be 
spliced  over  the  beam  by  an  angle  on  each  side  and  a  cover  plat« 
on  top.  In  this  way  a  very  rigid  and  substantial  detail  may  be 
worked  out. 

Where  clearance  limits  the  depth  of  the  stringer  to  a  minimum 
continuity  of  the  stringers  is  most  advantageous  in  increasing  the 
floor  stiffness.  Tho  under  these  circumstances  the  above  method 
of  splicing  the  top  flange  would  need  modification  and  a  difTerent 
makeup. 

22.  Expansion  Joints:  The  coefficient  of  expansion  of  iron 
and  steel  is  .0000065  Fahr.  Range  of  temperature  to  which  the 
bridge  structure  is  subjected  varies  from  100  to  140  degrees.  For 
the  latter  range  in  150  feet  the  expansion  would  amount  to  1.17 
inchoj*.  Multiplied  by  the  modulus  of  elasticity  of  30,000,000 
divided  \>y  the  length  would  represent  a  stress  of  19,600  pounds  per 
square  inch.  It  is  accordingly  desirable  to  take  care  of  this  expan- 
sion by  allowing  the  bearings  of  the  truss  to  slide  at  one  end  upon 
the  abutment.  Usual  provision  is  that  of  an  allowance  of  about 
one  inch  extreme  range  per  100  feet. 

It  is  interesting  indeed  to  look  backward  and  note  that  as  iron 
was  introduced  in  the  construction  of  the  first  iron  viaducts,  proper 
provision  for  expansion  was  thought  to  render  it  essential  that  the 
bracing  of  the  viaduct  posts  should  be  carried  out  in  timber  instead 
of  metal.  When  Mr.  L.  S.  Buffington,  a  Minneapolis  architect, 
first  proposed  a  28-st(>r.v  huilding  with  a  steel  skeleton  frame  in  the 
'808,  an  interesting  coniinent  appeared  in  the  Architectural  News: 

"L.  8.  Bufiington,  an  architect,  claims  to  have  invented 
a  system  of  construction  to  build  buildings  of  iron.  He 
does  not  know  that  the  expansion  and  contraction  of  iron 
would  crack  all  the  planter,  that  in  a  few  years  there 
would  only  l>e  the  shell  left.  Iron  is  good  in  its  place  but 
not  to  build  buildings  entirely  of." 

Now  York  Sun,  1888: 

"L.  S.  Buffington,  an  architect,  is  building  a  wonderful 
building  on  pnp«T  which  is  to  be  28  stories  high.  To  l>e 
sure  this  is  probably  the  project  of  a  crank,  but  the  cranks 
of  one  generation  are  sometimes  the  prophets  of  the  next." 
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This  fear  of  expansion  so  neatly  illustrated  in  the  example  cited 
and  in  the  architectural  papers  of  a  decade  ago  caused  the  intro- 
duction of  multifarious  joints  in  viaducts  of  the  nature  of  joggle 
joints  rather  than  expansion  joints.  This  fear  gave  rise  to  the 
device  of  many  complicated  provisions  for  taking  care  of  this  slow 
moving  force  with  ample  push  behind  it.  Why  we  should  need 
complicated  roller  nests  and  bearings  which  fill  with  dust,  rust  so 
that  they  oppose  a  large  resistance  instead  of  properly  machined 
surface  scored  in  the  usual  manner  of  bearings  for  lubrication  and 
an  ordinary  alemite  gun  connection  to  shoot  in  a  pint  of  grease 
once  in  two  or  three  years  is  a  matter  which  with  present  day 
knowledge  of  machine  design  is  difficult  to  explain.  Somebody 
started  to  build  roller  nests  fifty  or  sixty  years  ago  and  we  have 
been  doing  it  persistently  ever  since  regardless  of  the  additional 
expense,  the  general  deficiency  and  lack  of  dust-proofness  of  the 
joint. 

Because  the  truss  deflects  under  load,  a  pin  connection  for  the 
shoe  is  the  most  practical  detail  and  the  shoes  may  be  more  sub- 
stantially and  cheaply  made  of  cast  steel  than  by  fabricating  from 
plates  and  shapes.  Castings  from  the  electric  steel  furnace  can  be 
recommended  because  of  the  freedom  of  this  grade  of  metal  from 
blow  holes,  its  uniform  quality  and  reasonable  cost. 

22.  In  the  Makeup  of  the  Truss  Design  the  First  Step 
is  to  Determine  the  Truss  Diagram.  The  lines  of  the  truss 
should  be  simple,  representing  clearly  the  lines  of  strength.  They 
should  stand  out  boldly  eliminating  nick  nack  aggregations  of 
triangles  such  as  the  K-bracing,  Petit  sub-divisions  and  the  like 
which  add  to  the  secondary  stresses,  increase  the  weight,  destroy 
the  simplicity  and  mar  the  aesthetic  appearance  of  the  frame. 
Economic  triangulation  with  but  a  limited  departure  from  the 
equilateral  should  govern  the  makeup  of  the  diagram.  The  same 
law  holds  true  in  the  triangulation  of  the  lateral  system,  but  because 
the  distance  between  the  chords  in  terms  of  span  length  is  small 
for  the  lateral  truss,  the  main  truss  panel  should  be  an  even  multiple 
of  those  of  the  lateral  system. 

In  the  floor  system  continuity  of  stringers  increases  the  stiffness 
and  reduces  the  weight.  The  number  of  pieces  to  handle  in  the  shop 
may  be  greatly  reduced  or  even  cut  in  two  over  that  of  ordinary 
practice  with  an  increase  in  stiffness  of  the  finished  structure,  a 
reduction  in  the  cost  of  fabrication  and  a  saving  of  thirty  percent 
of  the  weight  The  multiple  panel  division  of  the  bottom  laterals 
not  only  reduces  the  weight  of  the  laterals  themselves  but  tends 
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to  nearly  double  the  lateral  rigidity  of  the  system  under  impact  of 
train  loading  because  of  their  more  favorable  triangulation. 

These  facts  may  be  visualized  and  illustrated  graphically  by 
the  curve  of  steel  weights  for  different  span  lengths  following  the 
ordinar>'  practice  and  following  that  here  recommended  for  the 
Turner  type  of  long  panel  bridges  with  multiple  sub-divisions  of  the 
lateral  system  and  continuous  str  ngers.  The  curve  of  average 
weights  of  customary  practice  is  reproduced  from  the  pamphlet 
of  Heath  and  Milligan,  which  runs  a  trifle  under  the  weights  of  the 
Chicago,  Milwaukee  &  St.  Paul  railroad  as  plotted  in  the  Engineers 
Handbook  bv  Ketcham. 
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23.  Summary:  During  the  past  thirty  years,  the  equivalent 
weights  per  foot  of  engine  and  train  loads  have  increased  enor- 
mously. The  engines  have  more  than  trebled  in  weight  and  whereas 
3,000  pounds  a  foot  was  considered  a  heavy  train  load  in  the  '90s, 
6,000  pounds  a  foot  is  not  uncommon  on  ore  carrying  trains  tho  it 
generally  exceeds  materially  the  freight  train  weights  for  mixed 
traffic.  During  this  period  of  great  increase  in  weight  of  loading, 
little  change  in  the  makeup  of  trusses  and  the  relative  dimensions 
of  their  triangulation  is  noticeable.  In  other  words,  designers  have 
not  kept  pace  by  modification  of  the  frame  in  keeping  with  its 
loading  and  in  that  respect  their  progress  has  been  far  short  of  other 
lines  of  engineering  endeavor. 
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CHAPTER  XXVI 
DETAII^  OF  THE  TRUSS  SPAN 

1.  Even  vs.  Odd  Panels:  Referring  to  the  Figure  of  the 
Minimum  Strain  Area,  pp.  46-47,  it  is  observed  the  curve  for  con- 
secutive, even  and  odd  pan6t8  is  a  zig  zag  line.  That  is  while  the 
points  which  represent  consecutive  even  panel  numbers  lie  in  a 
smooth  curve  as  in  the  case  of  the  Warren  with  the  sub- verticals, 
so  also  will  the  strain  area  coefficients  for  odd  numbers  of  panels  of 
either  the  Pratt  or  Warren  type  present  a  like  uniform  curve  of 
coefficients  of  lower  magnitudes  than  that  for  the  even  numl^er  of 
panels.  The  reason  for  this  divergence  is  found  in  the  fact  that  the 
moment  magnitudes  at  each  panel  point  when  the  bridge  is  fully 
loaded  form  a  polygon  lying  upon  a  uniform  curve  approximately 
parabolic.  On  the  odd  panel  numbers  the  middle  ordinate  of  the 
polygonal  figure  is  less  than  that  of  the  uniform  curve.  Thus  the 
difference  between  the  maximum  moment  to  which  the  three-panel 
truss  is  subjected  when  compared  to  a  two-panel  or  a  four-panel 
truss  is  8/9ths,  and  this  divergence  in  moment  magnitude  decreases 
as  the  number  of  panels  into  which  the  span  is  divided  increases. 

2.  Variation  in  Strain  Area  Coefficients  is  caused  not  only 
by  the  divergence  of  the  even  and  odd  panels,  but  also  by  the  de- 
parture of  the  configuration  from  the  equilateral  triangle.  In  this 
respect  the  Pratt  truss  of  more  than  four  panels  has  an  advantage 
over  the  Warren  truss  because  the  web  members  of  the  Pratt  which 
resist  the  greatest  shears  toward  the  ends  are  inclined  at  a  more 
favorable  angle.  Thus  the  end  shear  in  the  end  panel  of  an  eight- 
panel  Warren  is  brought  upon  two  inclined  members  in  the  Warren, 
but  on  one  only  in  the  Pratt.  And,  notwithstanding  the  fact  that 
the  secant  of  the  angle  for  the  vertical  is  more  favorable  for  the 
Warren,  we  find  a  divergence  of  between  five  and  six  percent  in 
favor  of  the  Pratt.  With  the  eight-panel  Warren  with  the  sub- 
verticals,  however,  because  the  angle  of  inclination  of  the  web 
members  carrying  the  load  toward  the  support  is  still  more  favor- 
able, the  strain  area  coefficient  is  greatly  reduced  and  the  economic 
height  increased. 

If,  for  example,  we  were  to  design  a20()-foot  Warren  truss  with 
sub-verticals  taking  the  depth  as  that  for  the  minimum  strain  area 
of  approximately  L/4  in  order  to  keep  the  top  chord  panel  lengths 
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within  about  50  feet,  we  should  have  eight  panels  and  a  strain  area 
coefficient  of  1.5  WL.  On  the  other  hand,  the  same  depth  reducing 
the  number  of  panels  to  four  in  the  long  span  type  of  the  diagram 
we  would  find  our  strain  area  coefficients  1.25  for  the  long  span  type 
against  1.5  with  the  sub-vertical  subdivisions  of  the  plain  Warren 
type,  a  difference  of  over  16  percent  in  the  strain  area  coefficient  of 
the  truss,  increased  by  the  percentage  of  details  in  the  increased 
number  of  joints,  additional  field  riveting,  increased  number  of 
floor  beams  from  three  to  seven,  and  doubling  the  number  of 
stringers. 

Again,  the  section  of  the  Warren  with  the  sub-verticals  would 
present  a  greater  variation  in  the  cross  section  of  the  top  and 
bottom  chord  members  than  would  be  found  in  the  camel-back  in 
addition  to  the  increased  riveting  and  the  hangers  which  merely 
transfer  the  load  vertically  without  bringing  it  nearer  the  support. 

If  we  compare  the  camel-back  of  four  panels  to  the  Warren 
truss  of  four  panels,  we  get  a  coefficient  of  1.25  against  a  strain  area 
coefficient  of  1.32  showing  the  material  advantage  of  the  camel- 
back  of  lesser  and  more  practical  depth  over  that  of  the  Warren. 

For  the  150-foot  span,  for  example,  we  might  select  six  panels 
25  feet  and  compare  the  strain  area  coefficient  of  the  Pratt  at  1.52 
with  that  of  the  three- panel  camel-back  of  1.06,  again  indicating 
the  striking  economy  of  the  long  panel  and  inclined  chord. 

In  this  case,  the  three-panel  Warren  of  .32  L  in  depth  against 
the  .25  L  for  practical  depth  of  the  camel-back  shows  a  strain  area 
but  slightly  increased,  but  a  truss  48  feet  high  for  150-foot  span 
gives  undue  length  of  web  member  and  requiring  for  those  which 
resist  compression  increased  and  uneconomical  sections  which  are 
obviated  in  the  shallower  camel-back  truss. 

3.  The  Weight  of  the  Floor  System  is  to  be  investigated 
from  the  economic  standpoint  as  a  variable  in  keeping  with  the 
variation  in  the  stringer  moments,  beam  shears  and  moments  and 
details  involved. 

Now  the  floor  of  the  railroad  bridge  is  made  up  of  stringers  and 
floor  beams  supporting  the  same  load.  Hence  the  weight  in  the 
floor  beams  will  bear  that  ratio  to  the  weight  of  the  stringers  approx- 
imately as  the  length  of  the  beam  is  to  the  length  of  the  stringer 
and  a  reduction  in  the  weight  of  the  one  will  mean  that  ratio  of  re- 
duction in  the  total  weight  of  floor  as  its  weight,  divided  by  the 
sum  of  the  two  parts. 
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In  investigating  the  at! vantage  of  the  long  panel  in  respeet  to 
the  floor  beam,  we  may  refer  to  the  diagram  in  Chapter  XXIII  and 
note  that  the  beam  shears  increase  substantially  as  a  straight  line 
function  from  25  to  70  feet,  so  that  the  sum  of  the  flange  sections 
of  the  beams  will  be  substantially  the  same  for  an  indefinite  numl>er 
of  panels  whether  the  panels  were  long  or  short,  providing  the  floor 
Wams  were  made  the  same  depth.  But  with  the  increase  in  panel 
length  the  stringers  are  increased  in  depth  and  the  floor  beam  may 
be  accortlingly  increased  and  some  economy  effected  in  that  way. 

Again,  in  (A')  panels  of  any  truss  the  numlxT  of  beams  is  A'-l. 
Hence  the  total  flange  sections  for  a  given  depth  are  reduced  in  the 
proportion  of  (N-l)  -i-  N.  In  other  words,  in  the  case  of  four 
panels  and  six  panels  compared  the  total  beam  weight  with  the 
beams  of  the  same  depth  would  be  as  66  to  83,  approximately. 
Taking  into  consideration  ilif  greater  depth  and  reduced  numlwr 
of  webs  because  of  the  fewer  beams,  the  beam  weight  with  three 
panels  in  150  feet  as  against  six  would  approximate  5  8ths  the 
weight  for  the  three-panel  bridge  that  is  required  for  the  six- panel 
under  live  load  without  impact,  but  the  percentage  of  impact  with 
the  live  load  for  two  long  panels  fully  loaded  or  100  feet  is  .6  whereas 
for  50  feet  it  is  85  percent,  which  would  reduce  the  ratio  of  5/8th8 
to  approximately  1/2. 

Consider  the  stringer:  For  a  20-foot  panel  the  equivalent 
uniform  load  for  the  E60  is  12,500  pounds  a  foot;  for  a  40-foot 
panel  is  it  10,000  pounds  a  foot.  The  bending  moment  of  the 
applied  load  were  it  the  same  in  both  cases,  would  be  four  times  as 
great  for  the  40-foot  stringer  as  for  the  20- foot, but  reducing  it  for 
the  divergence  in  loads,  the  static  momeht  to  be  provide<l  for  would 
be  3.2  times  as  great  for  the  longer  panel  that  it  is  for  the  shorter. 

Now  the  impact  for  the  40-foot  stringer  would  be  .9;  for  the  20- 
foot  it  would  be  1.1  times  the  static  live  load  effect,  leaving  an  ap- 
proximate ratio  of  2.9  times  as  great  effective  moment  for  the 
stringer  in  the  one  case  as  in  the  other.  But  for  the  40-foot  stringer 
a  depth  of  web  nearly  twice  as  great  may  be  used  without 
reducing  the  cross  section  of  the  flanges  to  dimensions  too  atten- 
uated from  the  standpoint  of  thickness  to  pro|)erly  support  the 
track  and  resist  compression. 

Accordingly  there  would  be  approximately  a  twenty-five  per- 
cent increase  in  the  stringer  weight  due  to  the  deeper  web,  a  re- 
duction of  fifty  percent  in  the  weight  of  the  floor  l>eams  with  a 
rt«ultant  negligible  difference  in  the  total  weight  of  the  floor  when 
the  additional  numlM>r  of  connections  are  taken  into  consideration. 
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As  the  length  of  the  span  and  the  number  of  panels  increase 
there  would  be  an  increase  in  the  weight  per  foot  of  the  floor  system 
by  the  reduction  in  the  relative  economy  of  the  beam  weights  on 
the  basis  just  figured,  but  this  increase  in  the  weight  of  the  floor 
would  be  small  in  comparison  to  the  large  saving  in  the  elimination 
of  sub-divisions  of  the  main  truss  proper  and  we  may  therefore 
conclude  that  in  the  most  economic  design  of  the  railroad  bridge 
truss  we  should  center  our  attention  upon  the  economic  design  of 
the  triangulation  of  the  truss  proper  without  regard  to  the  paneling 
of  the  floor  system,  except  in  case  clearance  conditions  require  an 
uneconomically  shallow  floor  construction. 

4.  Extreme  Length  of  Panel  is  limited  by  the  cross  sectional 
area  of  the  compression  chords  and  the  economic  bulk  dimensions 
which  the  cross  section  permits  the  designer  to  use. 

In  Section  IV,  pages  13  and  14,  it  will  be  noted  that  for  L/R 
less  than  60,  for  the  values  of  n  =  1/3  or  w  =  1/2,  the  reduction 
in  working  stress  for  column  action  is  small  and  as  the  compression 
chords  of  the  bridge  structure  form  a  large  unit  of  the  make-up  of 
the  total  weight,  it  is  desirable  from  the  economic  standpoint  that 
the  slenderness  ratio  of  these  members  be  kept  less  than  60,  prefer- 
ably below  50. 

In  the  make-up  of  the  compression  member,  it  is  desirable  that 
the  bending  stress  be  reduced  by  a  liberal  proportion  of  the  metal 
in  the  flanges.  It  is  further  desirable  to  reduce  as  far  as  possible 
the  shop  work  of  riveting  plates  and  angles  together.  Thus  for  the 
end  posts  and  top  chord  of  a  three-panel  150-foot  span,  two  20-inch 
I-beams  and  a  30-inch  cover  plate  may  be  used.  By  riveting  the 
cover  plate  to  both  flanges  at  the  top  of  the  beams  and  connecting 
them  by  light  cast  steel  diaphragms  riveted  both  to  the  web,  the 
inside  flanges  of  the  beams  and  to  the  cover  plate  at  intervals  of 
about  63^  to  7  feet,  no  lacing  with  its  pantograph  action  will  be 
required.  The  bottom  chord  of  the  truss  design  has  been  made  up 
of  two  18-inch  channels  laced  and  battened  and  the  main  ties  of  a 
single  I-beam  without  shop  work  except  punching  in  the  flanges  for 
connection  at  the  ends. 

By  dividing  the  lateral  system  of  the  bottom  chord  into  nine 
panels  against  three  of  the  main  truss,  the  triangulation  of  its  web- 
bing will  not  depart  far  from  the  equilateral  triangle  and  the 
greatest  rigidity  and  economy  results.  Moreover,  by  rigidly  con- 
necting the  bottom  flanges  of  the  stringer  to  the  laterals,  the  string- 
ers, bottom  chords  and  the  laterals  form  a  unitary  horizontal  truss 
<^>f  great  rigidity  operating  because  of  the  relatively  large  section 
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of  the  stringers  in  such  wise  that  the  wind  strains  in  the  chord  are 
reduced  by  the  longitudinal  stresses  induced  in  the  stringer  thru 
its  co-operation  with  the  chord.  And  hence  the  lateral  rigidity  of 
the  floor  becomes  approximately  double  that  of  the  ordinarj'  six- 
panel  structure  with  identical  lateral  and  main  truss  panels. 

5.  The  Width  of  the  End  Post  constitutes  the  depth  of  the 
portal  legs,  the  flexural  rigidity  of  which  limits  the  sway  of  the  top 
chords  under  the  lateral  forces  of  wind  and  impact.  The  distance 
between  the  webs  in  case  of  a  lx)x  section  determines  the  lateral 
bulk  dimensions  of  the  web  compression  members  and  whether 
their  ratio  of  L  R  may  be  the  most  economic,  i.  e.,  less  than  50 
or  little  above  this  slenderness  ratio.  With  the  camel-back, 
because  the  shears  are  in  a  large  part  resisted  by  the  arched  top 
chord,  four  large  angles  laced  four  sides  make  an  excellent  web 
member  and  when  so  used,  the  angle  flanges  should  be  turned  in 
rather  than  out  to  reduce  the  twisting  tendency  of  the  leg  to  a 
minimum  so  that  additional  width  outside  the  spacing  of  the  chord 
webs  may  not  be  counted  upon.  In  the  150-strain  sheet  illustrated 
the  cover  is  30  inches  for  two  20"  I's  in  the  makeup  of  the  end  post 
and  top  chords  in  the  200-foot  span,  34  inches  by  3  8  inch  cover 
plate  is  used  and  a  48  cover  for  a  four  hundred-foot  span  the  chord 
and  end  post  section  of  which  is  two  30"  I's  and  the  48  cover. 

By  utilizing  the  unitary  rolled  web  and  flange  of  the  Bethlehem 
I-beam  section,  the  inherent  weakness  of  the  riveted  laminated 
sections  commonly  used  is  obviated  and  shop  work  simplified  and 
reduced. 

When  the  required  cross  section  of  the  chord  exceeds  225  square 
inches,  the  octagon  section  adopted  in.  the  770  foot  simple  span  is 
most  economical. 

6.  End  Floor  Beams  represent  a  waste  of  metal  and  unneces- 
sary field  riveting  of  stringer  and  brackets  to  extend  the  floor  to  the 
abutment  parapet. 

The  motive  in  design  of  the  end  floor  beam  is  to  provide  a  lower 
portal  brace  so  restraining  the  end  post  that  the  bending  moment 
from  lateral  forces  may  be  halved  by  the  rigid  connection  of  the 
beam.  But  the  floor  beam  usually  frames  to  the  end  post  in  as 
awkward  a  manner  as  that  of  Mr.  Hedrick's  design  of  the  160-foot 
span  or  Mr.  Modjeski's  N.  P.  150-foot  thru  truss  spans  illustrated 
in  Chapter  XXV. 

Placing  the  stringers  on  inde|KM)dent  jKHlestals,  the  lower  portal 
frame  may  U*  designed  solely  for  the  pur|M>s(>  it  is  intended  to  serve 
and  its  position  so  selected  that  the  most  direct  and  eflicient  con- 
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nections  may  be  made,  to  wit,  in  keeping  with  the  stringer  depth 
the  frame  may  be  moved  forward  to  that  position  which  permits 
a  direct  connection. 

7.  End  Panel  Lengths  should  be  shorter  than  the  inter- 
mediate and  center  panels  by  approximately  eight  percent,  because 
the  maximum  moment  of  an  end  span  in  a  series  of  continuous 
spans  is  greater  than  for  an  interior  span.  Part  of  this  desirable 
reduction  in  length  may  be  secured  by  placing  the  outer  edges  of 
the  stringer  pedestals  in  line  with  the  main  truss  pedestals  thereby 
shortening  the  span  of  the  stringer  to  less  than  the  end  main  truss 
panel  and  increasing  the  cantilever  overhang  toward  the  parapet. 

By  such  variation  in  panel  length,  the  maximum  positive 
stringer  moment  may  be  kept  down  to  six-tenths  the  moment  in  a 
simply  supported  span  of  the  longer  central  stringer  and  a  constant 
flange  section  maintained  thruout. 

8.  Stringer  Bracing  may  be  effected  by  cross  frames  at  or 
close  to  the  connections  of  stiff  lateral  bracing  to  the  bottom  flanges 
of  the  stringers.  With  a  60-foot  main  panel  divided  into  three 
lateral  system  panels,  such  frames  would  be  spaced  about  9-foot 
centers  and  no  diagonal  bracing  would  be  needed. 

9.  Double  Track  Thru  Trusses  because  of  the  greater  width 
of  floor  may  be  made  deeper  than  single  track  spans  and  approach 
more  closely  the  theoretical  depth  for  the  minimum  strain  area. 

10.  Quality  of  Metal  should  be  such  as  to  possess  the  greatest 
strength  consistent  with  toughness.  In  the  discussion  of  Sec.  IV, 
it  has  been  shown  that  the  grade  of  bridge  steel  recommended  by 
the  current  manufacturer's  handbooks  is  inferior  for  the  compres- 
sion member  to  the  wrought  iron  of  years  ago  and  a  stronger  grade  of 
metal  is  desirable.  Quoting  Jas.  Christie,  Trans.  A.  Soc.  C.  E.,  1893: 

"Extensive  evidence  is  on  record  indicating  that  steel 
of  good  quality  of  moderate  thickness,  not  much  exceeding 
80,000  lbs.  tensile  strength  is  not  any  more,  and  frequently 
not  as  much  injured  as  wrought  iron  by  the  process  of 
punching  and  shearing." 

"The  physical  effect  of  punching  and  shearing  as  de- 
noted by  the  tensile  test,  are 

"Reduction  of  ductility;  elevation  of  yield  point,  re- 
duction of  ultimate  tensile  strength.  In  very  thin  material  the 
disturbance  is  less  than  in  thick,  in  fact  a  degree  of  thinness 
is  reached  where  this  disturbance  practically  ceases  as  the 
thickness  is  increased,  the  injury  becomes  more  evident." 

"The  best  results  with  the  least  expenditure  can  be 

obtained    by   punching and   reaming   sufficiently 

to  remove  the  material  disturbed  by  punching." 
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Instead  of  metal  of  55,000  to  65,000  ultimate  tensile  strength, 
75,000  to  85,000  is  to  be  preferred,  which  shall  stand  a  cold  positive 
bend  test  in  specimens  5/8  inch  thick  of  180°  and  a  reverse  bend 
of  the  same  amount  without  sign  of  fracture  in  either  side  of  the 
bend  about  a  radius  of  twice  the  thickness.  With  open  hearth  steel 
in  which  phosphorus  and  sulphur  are  kept  below  the  usual  tolerance, 
manii^nese  below  30  and  silicon  between  the  Umit  of  25  and  40 
points,  there  is  no  difficulty  in  securing  steel  which  will  show  a 
minimum  elongation  of  22%  in  eight  inches  and  a  yield  point  value 
above  48,000  pounds  per  square  inch  if  not  finished  at  too  high  a 
temperature. 

Such  steel  may  be  punched  1/8  inch  less  than  the  nominal 
diameter  of  the  rivet  for  thicknesses  under  three-quarters  and 
reamed  to  a  sixteenth  greater  diameter  with  a  twist  drill,  all  holes 
being  rymerod  or  burred.  For  greater  thicknesses  the  metal  should 
be  drilled.  A  basic  unit  working  stress  of  18,000  pounds  per  square 
inch  may  be  figured  on  with  a  higher  degree  of  .safety  than  the  15,000 
pounds  of  the  A.  R.  E.  A.  specification  for  the  softer  metal  which 
it  provides  for.  The  quality  of  metal  and  workmanship  will  be 
covered  more  completely  in  the  specification  presented  in  the  last 
chapter  of  this  section. 

II.  Paint  is  effective  as  a  preservative  coating  only  as  it  is 
applied  to  dry  metal  cleaned  of  scale  and  rust.  Parts  inaccessible 
after  assembly  should  be  given  two  good  coats  before  assembly  and 
riveting.  The  number  of  paint  formulas  are  legion.  The  require- 
ments of  a  good  shop  coat  arc  first  that  it  will  spread  smoothly  and 
without  too  much  labor,  i.  e.,  that  it  be  not  too  thick,  that  it  dry 
quickly  and  possess  a  tough  body  as  a  base  for  the  field  coat.  Pure 
boilefi  linseed  oil  does  not  fill  the  latter  requirement.  With  Red 
Lead  it  is  difficult  to  get  an  evenly  applied  coat.  The  following 
formula  for  the  shop  coat  will  give  satisfactory  results  if  properly 
applied  to  clean  dry  metal: 

5  lbs.  sublimed  blue  lead 

3  lbs.  red  lead 

3  ounces  lamp  black 

2  quarts  l)oiled  linseed  oil. 

For  the  field  coat  the  writer  regards  it  probable  that  aluminum 
paint  will  Ik*  largely  used  in  the  future. 

The  ordinary  pigments,  red  leatl,  blue  lead,  wnc  oxide,  iron 
oxide,  etc.,  are  composed  of  particles  granular  in  form  though  ex- 
ceedingly small.  Aluminum  powder  is  essentially  flake  like  in 
character  because  of  the  stamping  process  of  its  manufacture. 
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When  the  polished  powder  is  mixed  in  a  varnish  vehicle,  the  flakes 
come  to  the  surface  quickly  forming  a  continuous  film  of  aluminum 
in  layer  upon  layer  much  like  fish  scales.  The  particles  appear  to 
float  on  the  liquid,  but  it  is  apparently  a  surface  tension  effect  which 
holds  them  there.  The  phenomena  is  descriptively  termed  "leafing." 
It  confers  an  attractive  appearance  almost  as  highly  reflecting  as 
a  sheet  of  polished  aluminum.  It  is  opaque  to  light  and  hence 
protects  the  vehicle  underneath  from  deterioration  by  the  action 
of  sunlight.  Only  by  the  slow  weathering  of  the  upper  layers  of 
aluminum  and  vehicle  are  successive  lower  layers  exposed.  Its 
protective  power  is  due  not  only  to  its  opacity  to  light  but  also  to 
its  high  reflectivity.  Because  it  reflects  so  much  and  absorbs  so 
little  of  the  radiant  energy  of  the  rays  which  fall  upon  it,  the 
temperature  of  the  paint  and  the  material  underneath  remain  sub- 
stantially lower  than  with  paints  of  lower  reflectivity.  While  the 
cost  of  the  powder  per  pound  is  high  it  requires  but  two  pounds  to 
a  gallon  of  paint  and  its  spreading  capacity  is  such  that  its  cost  in 
use  compares  favorably  with  the  better  grades  of  paint  on  the 
market. 

12.  Summary:  In  the  foregoing  discussion  an  effort  has 
been  made  to  show  the  weight  of  divergent  elements  entering  into 
the  economic  problem  of  the  railroad  truss  design  without  following 
the  tedious  method  of  figuring  different  designs  and  comparing  the 
computed  weights.  Comparison  by  computed  weights  fails  to 
convey  a  concise  conception  of  the  different  elements  entering  into 
the  design.  Even  and  odd  panel  trusses  compared  in  this  way  tho 
designed  and  figured  for  the  same  depth,  the  question  whether  the 
depth  be  not  too  great  for  the  even  panel  or  vice  versa  is  left  in 
doubt.  We  might  figure  various  arrangements  of  beams  and 
stringers  in  the  floor  and  arrive  at  a  generalized  result,  but  such 
computation  is  tedious  and  may  be  obviated  by  the  more  direct 
investigation  of  the  applied  forces  and  their  distribution  as  has  been 
done  in  the  preceding  chapter.  General  designs  and  strain  sheets 
of  several  fairly  economic  camel-back  thru  truss  spans  have  been 
worked  out  to  illustrate  the  author's  type  of  bridge  frame  and  the 
comparison  of  the  estimated  weights  are  shown  in  the  diagram  rep- 
resenting the  steel  weights  of  truss  spans  of  the  common  short 
panel  Petit  or  Parker  type  of  truss  and  the  long  panel  type  here 
developed  from  which  the  relative  economy  is  apparent. 
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CHAPTER  XXVII 


ECONOMIC  DESIGN  OF  THE  VIADUCT 


1.  The  Division  of  the  Crossing  into  its  Elementary 
Spans  depends  on  the  character  of  the  foundation  strata,  flood 
conditions  or  navigation  clearances  wh  ch  determ  ne  the  re  ative 
coet  of  the  sub-structure  and  the  super-structure.  Because  the 
floor  system  of  the  thru  bridge  weighs  approximately  the  same  per 
lineal  foot  regardless  of  the  length  of  span,  it  may  be  treated  as  a 
eonstant  and  eliminated  from  the  consideration  of  those  variables 
which  may  be  modified  to  reduce  the  cost  to  a  minimum.  Elimi- 
nating this  constant  in  case  thru  spans  are  required,  the  cost  of  the 
trusses  erected  with  their  lateral  bracing  should  equal  the  cost  of 
the  foundation  for  the  minimum  total  cost.  On  the  other  hand, 
because  the  cost  of  the  super-structure  is  a  determinate  element, 
while  the  cost  of  the  sub-structure  may  involve  more  expense  than 
expected  and  cannot  be  figured  with  the  same  degree  of  certainty 
it  is  conservative  to  see  that  the  cost  of  the  super-structure  exceed.^ 
the  sub-structure  rather  than  that  the  reverse  relation  holds  true. 

2.  The  Deck  Bridge  is  to  be  Preferred  to  the  Thru  Bridge 
where  the  clearance  or  contour  of  the  crossing  jxTmits,  because  in 
the  deck  structure  a  combination  floor  system  and  top  chord  is 
practical  and  economical,  whereas  in  the  thru  bridge  the  combina- 
tion of  the  lK>ttoin  chord  and  floor  system  is  generally  impracticable 
or  lacking  in  tcotioiny. 

The  accompanying  cut  represents  the  Soo  Line  crossing  over 
the  St.  Croix,  consisting  of  five  350-foot  arch  spans  and  these  180 
feet  from  the  «lcck  to  the  river  with  plate  girder  viaduct  ap- 
proaches. Each  of  these  spans  was  designed  with  oO-foot  top  chord 
[Mtnel  lengths  and  the  combination  box  top  chord  and  floor  stringer. 
The  floor  system  in  this  case  consisted  of  two  box  girders,  two  60 
by  3  8  welw,  cover  plate  34  by  H.  fow  ^"P  angles  6  by  4  by  H, 
four  l>ottom  angles  6  by  4  by  7/8,  spaced  9  feet  centers,  giving  a 
steel  floor  substantially  12  feet  wide  out  to  out.  The  inclined 
main  trusses  render  the  structure  one  of  the  stiffest  railroad  bridge* 
in  the  country. 
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The  adoption  of  the  350-foot  span  was  dictated  by  the  reduced 
cost  of  the  foundations  over  that  for  a  plate  girder  viaduct  of  the 
usual  type  of  construction  with  the  additional  advantage  of  re- 
duced danger  of  scour  around  the  pedestals  as  in  this  particular 
location  the  river  bed  consisted  of  silt  and  fine  sand  for  a  depth  of 
about  120  feet  to  sand  rock, 

A  plate  girder  trestle  viaduct  cost  less  money  for  superstructure 
than  the  arch,  but  the  foundations  far  more  than  offset  the  saving. 
The  longer  spans  were  thus  more  economical  and  their  safety  en- 
hanced by  the  reduced  number  and  larger  size  of  the  pile  supported 
pedestals. 

3.  The  Plate  Girder  Viaduct  or  the  Deck  Lattice  Girder 
and  Trestle  Structure  which  may  be  erected  by  using  an  upper 
traveler  for  both  setting  the  towers  and  placing  the  girders,  is  most 
economical  for  heights  up  to  150  feet,  when  foundation  or  flood 
conditions  permit.  Braced  tower  bents  in  a  long  viaduct  of  this 
character  should  be  placed  about  every  fourth  span  and  have  a 
longitudinal  length  in  the  neighborhood  of  about  60  feet  for  a  150- 
foot  trestle  and  40  feet  for  a  trestle  half  that  height.    The  three 
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intermediate  spans  may  be  advantageously  made  continuous  for 
both  stiffness  and  economy  and  the  single  columns  l>e  given  a 
breadth  so  that  their  ratio  of  L/R  should  not  exceed  50  to  60. 

Friction  joints  should  be  used  for  the  sliding  plates  so  that  the 
weight  of  the  train  clamps  them  and  the  expansion  joint  is  removed 
from  the  class  of  joggle  joints  commented  upon  in  the  preceding 
chapter. 

Stiff  rigid  bracing  should  be  employed  in  the  trestle  bents. 
Horizontal  members  are  sometimes  added  to  a  double  intersection, 
Warren  bracing,  but  this  addition  is  objectionable  for  the  reason 
that  the  tie  forces  the  Warren  bracing  to  resist  a  unit  compres- 
sion from  vertical  loading  equal  nearly  one-half  that  of  the  unit 
compression  in  the  vertical  posts.  When  it  is  serving  thus  to  trans- 
mit vertical  load  to  the  pier,  it  cannot  be  counted  upon  for  its  full 
efficiency  as  longitudinal  bracing  which  was  the  motive  or  intent 
in  providing  it.  Lack  of  simplicity,  economy  and  neatness  of 
appearance  results  from  the  insertion  of  these  redundant  and  un- 
scientific members  in  the  bracing  of  the  trestle  bent. 

4.  Simple  Spans  vs.  Continuous  Bridges.  With  paralk-1 
chords,  the  cross  section  and  the  weight  of  the  chord  «1(  riciise 
as  the  depth  of  the  frame  increases,  and,  conversely,  the  weight 
of  the  web  increases  as  the  depth  increases.  Therefore,  in  such  a 
frame,  the  economic  weight  approaches  a  minimum  when  the  weight 
of  the  web  equals  the  weight  of  the  chords,  and  this  relation 
holds  true  whether  the  frame  is  continuous  or  simple. 

Economic  Depth  Greater  for  Simple  Span:  Continuity  renders 
the  live  load  shears  resisted  by  the  webbing  somewhat  greater  than 
those  in  the  simple  span.  Therefore,  the  web  of  the  continuous 
span  would  be  heavier  than  that  for  the  simple  span,  but  the  maxi- 
mum moments  are  smaller  for  the  continuous  span.  If  it  is  a 
through  span  with  inclined  end  posts,  the  chord  length  is  shorter 
in  the  simple  span  than  in  the  continuous  span,  as  the  chords  for 
economy  should  equal  the  weight  of  the  web,  then,  because  of  this 
difference  in  the  webbing,  the  economic  depth  of  the  simple  span 
would  be  greater  than  the  economic  depth  of  the  continuous  span. 
Parallel  chord  bridges,  however,  are  not  economical  for  moderately 
long  spans  and,  for  trusses  of  variable  depth,  there  is  a  more  radical 
difference  in  the  relative  economic  depth  than  for  the  case  of 
parallel  chord  bridges  of  the  two  respective  types. 

Economic  Depth: — Non-Parallel  Chords — Simple  Spans.  The 
reverse  law  of  summation  of  shears  and  moments  is  most  favorable 
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to  the  simple  span.  Thus,  shear  increases  from  mid  span  to  the 
support,  and  the  appHed  moment  increases  from  the  support  to 
mid  span.  Accordingly,  the  simple  span  truss  may  be  made  deep 
at  the  center  and  of  small  depth  at  the  end.  With  the  greater  depth 
at  the  center  where  the  shear  is  the  least,  the  web  members,  al- 
though long,  are  light.  With  decreased  depth  toward  the  support, 
the  heavy  web  members  are  short,  so  that  by  this  arrangement  the 
weight  of  the  web  becomes  greatly  reduced  over  the  case  of  parallel 
chords.  Moreover,  because  of  its  inclination,  the  inclined  chord 
functions  in  a  dual  capacity,  resisting  both  shear  and  moment, 
still  further  reducing  the  weight  of  the  web  which,  with  the  parallel 
chords,  was  one-half  the  total  truss  weight. 

Contrast  this  reverse  law  of  summation,  so  helpful  to  the 
economy  of  the  simple  span,  with  the  conditions  which  are  unfavor- 
able in  the  continuous  span.  The  moment  is  greatest  numerically 
over  the  support  where  the  shear  is  greatest  and  to  obtain  depth 
to  resist  this  moment,  heavy  web  members  become  long  in  place  of 
the  correspondingly  short  members  of  the  simple  span  resisting 
the  same  shear.  The  economic  depth  for  the  simple  span  thus 
becomes  from  twenty  to  thirty  percent  greater  than  for  the  con- 
tinuous truss. 

As,  with  economic  height,  the  web  of  the  simple  span  would 
reduce  to  about  one-third  the  weight  of  the  continuous  type,  and 
the  chord  lengths  would  be  less,  the  conclusion  appears  inevitable 
that  instead  of  the  economy  claimed  for  the  continuous  frame,  it 
is  generally  lacking  in  economy  to  the  extent  of  twenty  to  thirty 
percent,  as  compared  with  the  simple  truss  frame  for  moderate 
spans. 

5.  Stiffness:  It  is  generally  assumed  that  a  continuous  truss 
bridge  is  stiffer  than  a  simple  span  when  each  are  economically 
designed.  The  origin  of  this  mistaken  idea  may  be  traced  to  the 
fact  that  in  a  rolled  beam  or  plate  girder,  the  section  of  the  web 
which  resists  horizontal  shear  distortion  is  several  times  as  great 
as  the  cross  section  of  the  flange  which  resists  bending  the  deflection 
due  to  shear  is  almost  negligible  and  the  deflections  depend  sub- 
stantially on  the  moment  resisting  areas. 

In  the  truss,  on  the  contrary,  the  maximum  unit  stresses  in 
the  web  members  are  substantially  the  same  as  the  maximum  unit 
stresses  in  the  chord  members  and  that  portion  of  the  deflection 
contributed  by  the  web  in  the  truss  economically  designed  nearly 
equals  or  balances  that  contributed  by  the  chords. 

Now  the  deflections  caused  by  shear  deformation  sum  from  the 
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end  of  the  span  toward  the  center  and  with  the  simple  truss  span 
with  the  chord  arching  downward  the  shear  strain  area  of  the  web 
members  decreases  because  their  length  is  decreased. 

Now  the  end  web  members  with  an  arched  top  chord  in  the 
simple  span  will  be  about  half  as  long  as  those  of  the  continuous 
span  and  the  deflection  due  to  the  web  strain  will  be  reduced  by- 
more  than  half.  Again,  if  the  depth  at  mid  span  is  one-third  greater 
the  moment  deflections  will  exceed  but  little  those  of  the  continuous 
frame  when  an  interior  span  is  fully  loaded  and  the  adjacent  spans 
unloaded  and  thus  the  advantage  of  stiffness  of  the  continuous  truss 
hridjK'  over  the  simple  truss  may  be  reversed  by  this  divergence  of 
economic  depths.  This  difference  in  favor  of  the  simple  span  is 
however  insufficient  to  offset  material  economy  did  that  in  fact 
pertain  to  the  continuous  bridge  type. 

Experience  with  the  continuous  draw  spans  gives  the  practical 
engineer  a  better  basis  for  comparison  of  the  stiffness  of  two  span 
continuous  structures  with  simple  span  structures  of  the  dimen- 
sions of  the  length  of  the  arm  than  the  relations  of  moment  forces 
presented  in  works  on  bridge  design.  The  results  of  such  obser- 
vation are  diametrically  opposed  to  the  conclusions  customarily 
drawn  from  incomplete  theory  of  resistance  based  on  moment 
while  neglecting  shear. 

6.  Diverse  Economic  Law  of  Chord  Inclination  in  Simple 
and  Continuous  Spans:  As  the  apportionment  of  the  efficiency 
of  inclination  of  the  inclined  chord  in  the  simple  span  is  as  the 
cosine  of  its  angle  of  inclination  in  resisting  horizontal  deformation 
of  moment,  and  the  sine  of  its  angle  of  inclination  in  resisting  the 
vertical  deformation  of  shear,  its  efficiency  in  resisting  shear  and 
moment  is  as  the  secant  of  its  angle  of  inclination  is  to  unity,  com- 
pared with  horizontal  chords  on  a  unit  weight  basis. 

Because  the  l)ending  moment  in  the  cantilever  portion  of  the 
continuous  span  is  of  the  reverse  sign,  there  is  a  reversal  in  the  law 
of  the  economic  efficiency  of  the  inclined  chord  member.  For 
negative  moment  its  efficiency  in  resisting  horizontal  moment 
stresses  is  as  the  cosine  of  its  angle  of  inclination  just  as  it  is  in  the 
arched  chord  of  the  simple  span,  but  its  efficiency  in  resisting  verti- 
cal shear  tho  likewise  proportional  to  its  sign  of  inclination  is  nega- 
tive instead  of  positive  for  it  carries  the  load  vertically  a  distance 
upward  from  the  point  of  reaction  thereby  increasing  instead  of 
decrea.'«ing  the  material  necessary  to  support  the  shear  as  is  the  case 
with  the  inclined  chord  where  the  moment  is  positive. 
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As  the  inclination  of  the  member  over  the  support  increases  its 
lever  arm,  a  reduction  in  the  section  required  results  so  that  the 
economies  of  inclination  are  the  algebraic  sum  of  the  plus  and  minus 
advantages  noted  instead  of  the  consecutive  positive  summation 
as  with  the  inclined  chords  of  the  simple  truss  span. 

As  an  exemplification  of  the  theory  just  outlined,  a  cut  of  the 
Sciotoville  bridge  is  reproduced  and  the  writer's  design  of  a  770-foot 
double  track,  simple  span  with  an  arched  top  chord,  two  of  which 
are  approximately  but  two-thirds  the  weight  of  the  continuous  truss 
of  two  spans.  Part  of  this  divergence  in  weight  is  attributable  to 
more  economic  panel  lengtJis,  the  elimination  of  nominal  members 
(some  450  tons)  which  reduce  the  unsupported  length  of  main 
compression  members  so  lacking  in  bulk  that  they  are  unable  to 
support  themselves  between  the  truss  panel  points  and  a  further 
difference  lies  in  the  consistent  application  of  the  principle  of  con- 
tinuity to  floor  stringers  where  economy  can  be  obtained  by  con- 
tinuity instead  of  disregarding  this  principle  as  has  inconsistently 
been  done  by  advocates  of  the  continuous  framed  truss.  The 
author  is  a  believer  in  the  efficacy  of  continuity,  but  would  apply 
it  consistently  only  where  advantage  and  greater  stiffness  can  be 
attained  by  its  apphcation  as  is  the  case  with  plate  girder  or  rolled 
beam  stringers  and  shallow  deck  truss  spans  with  parallel  chords. 

7.  Minimum  Strain  Areas  of  Continuous  and  Simple 
Spans  Compared:  In  the  Theory  and  Calculation  of  Continuous 
Bridges,  No.  25  of  the  Van  Nostrand  series,  Mansfield  Merriman 
compares  the  third  span  of  a  seven-span  continuous  Warren  girder 
with  a  simple  span  on  the  basis  of  uniform  load  and  the  strains  in 
members  of  identical  triangulation  and  lengths.  On  page  27,  he 
sums  the  strains  of  the  web  members  in  the  simple  and  continuous 
truss  and  finds  them  equal,  while  the  sum  of  the  strains  in  the  chords 
are  more  than  twice  as  great  in  the  simple  truss  as  in  the  contin- 
uous truss  and  from  this  he  argues  that  there  is  a  saving  in  material 
of  37 3^^  percent  by  using  a  continuous  truss  instead  of  a  simple 
truss.  But  reducing  these  stresses  to  strain  areas,  we  find  that  the 
depth  selected  for  the  continuous  truss  approaches  the  economic 
depth  very  closely  and  the  magnitude  of  the  strain  area  coefficient 
is  1.07,  while  the  parabolic  arch  chord  simple  span  for  economic 
depth  would  give  a  strain  area  coefficient  of  86  percent  of  that  of 
the  continuous  truss  span.  Since  the  strain  area  coefficient  of  the 
economic  diagrams  for  the  respective  types  are  comparable  in  re- 
spect to  the  weight  required  for  a  given  loading  instead  of  37  per- 
cent in  favor  of  the  continuous  span,  it  would  appear  there  is  16 
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percent  in  favor  of  the  simple  span  and  certainly  we  may  not  look 
for  improvement  in  relative  economy  in  the  continuous  bridge  for 
live  load  when  the  positive  moments  are  a  maximum  when  the  span 
itself  is  loaded  and  the  adjacent  spans  unloaded  and  the  magnitude 
of  the  shears  are  affected  by  the  diverse  loaded  or  unloaded  con- 
ditions of  other  spans  than  that  of  the  particular  one  under  con- 
sideration. Moreover,  because  of  greater  economic  depth,  the 
arched  chord  simple  span  is  stiffer  than  the  best  continuous  span 
that  ma  J'  be  devised. 

If  our  theoretical  conclusions  are  to  be  reasonably  accurate  from 
the  practical  standpoint,  the  premise  on  which  they  are  calculated 
must  be  based  on  complete  theory  rather  than  partial  theory  which 
considers  moment  while  neglecting  shear;  or  which  erroneously 
assumes  that  economic  height  of  the  continuous  and  simple  trusses 
may  be  assumed  alike  for  purposes  of  comparison  instead  of  deter- 
mining economic  height  for  each  individual  type  and  comparing 
the  properties  on  such  an  unbiased  basis. 

Computation  of  the  weight  of  simple  spans,  two  of  which  are 
comparable  to  the  largest  example  of  continuous  bridge  construc- 
tion in  America  at  Sciotoville,  emphasizes  this  point  and  it  should 
be  noted  that  in  this  suggested  design  the  details  are  liberal,  that 
the  lacing  bars  range  from  8"  H  beams  down  to  7"  14-3/4  pound 
channels  and  6-inch  ship  channels;  that  the  gusset  plates  at  the 
joints  are  about  11  feet  wide  by  12  to  15  feet  long  and  5/8  inches 
thick;  that  the  angles  which  make  up  the  posts  are  strengthened 
against  twisting  by  cast  steel  separator  blocks  leaving  only  those 
short  lengths  unstayed  which  Mr.  Christie  has  shown  by  his  ex- 
tensive experiments  to  develop  much  greater  ultimate  strength  by 
block  action  than  the  yield  point  value  of  the  section. 

In  reducing  the  sum  of  the  stresses  to  a  basis  of  equivalent 
length.  Prof.  Merriman  in  his  discussion  has  followed  a  line  of 
reasoning  somewhat  similar  to  that  of  our  strain  area  coefficients 
but  in  considering  only  a  uniform  load  he  accords  to  the  web 
members  of  the  continuous  bridge  an  equal  advantage  to  that  en- 
joyed by  the  simply  supported  structure,  whereas  if  we  consider 
in  turn  his  Fig.  10,  page  90,  and  his  computation  of  the  shears 
opposite  page  99  for  another  and  different  continuous  girder,  we 
at  once  see  that  the  strain  area  of  the  web  of  the  continuous  truss 
for  the  same  depth  and  triangulation  may  readily  run  twenty-five 
percent  greater  than  that  of  the  simply  supported  girder  and  hence 
13  percent  of  the  37  percent  advantage  disappears. 

Again,  because  the  economic  depth  of  the  parallel  chord  con- 
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tinuous  britlRc  is  less  than  the  economic  depth  of  the  parallel  chord 
simply  supported  span,  this  reduced  advantaf^  is  af^in  decreased 
HO  that  it  is  possible  under  the  most  favorable  conditions  to  mate- 
rialise a  total  economy  of  15  or  16  percent  with  the  continuous  truss 
as  compared  with  the  simply  supported  truss  v^th  parallel  chords 
having  a  like  triangulation  and  the  same  number  of  panels. 

Where  the  height  is  limited  as  in  deck  bridges,  so  that  the  depth 
of  the  simply  support^  span  is  less  than  its  economic  depth,  the 
comparison  l)ecomea  more  favorable  for  the  continuous  structure. 
Its  percentage  of  advantage  decreases  with  the  decrease  in  number 
of  spans  and  even  the  advantage  just  figured  cannot  be  materialiaetl 
with  the  continuity  of  a  two-span  structure.  This  small  percentage 
of  advantage  with  parallel  chords  disappears  with  arched  top  chords 
with  which  the  advantage  rests  with  the  simply  supported  span. 

Summarizing,  we  may  profit  by  continuity  of  the  stringers  in 
bridge  floors.  Occasionally  we  may  profit  by  continuity  in  deck 
truss  spans,  but  the  construction  of  thru  spans  on  the  principle  of 
the  continuous  truss  leads  to  economic  waste  and  more  material 
than  is  required  for  simple  trusses  properly  designed. 

8.  Cantilever  vs.  Simple  Span:  As  the  cantilever  is  in 
general  a  thrw-span  continuous  truss  hinged  at  the  points  of  in- 
flection of  the  center  span,  the  same  comparison  with  simple  spans 
that  has  l)een  presented  above  is  applicable.  Its  adoption  has 
generally  been  dictated  by  ease  of  erection  which  in  many  cases 
can  be  provided  for  with  simple  truss  frames  with  but  nominal 
additional  equipment  provided  the  trusses  have  stiff  bottom  chords 
capable  of  resi.sting  compression  during  erection.  As  such  riveted 
types  of  construction  are  more  economical  than  the  pin  type,  there 
arc  many  locations  where  three  simple  spans  of  long  length  may  be 
as  readily  erected  by  providing  a  toggle  back  stay  to  the  hip  of  the 
center  span  and  cantilevering  from  the  hip  of  the  fixed  spans. 
Material  saving  in  dead  weight  may  thus  be  effected  and  greater 
stiffness  of  the  8U|)er-structure  secure<l, 

9.  Minimum  Strain  Area  Diagrams  Applied  to  Deter- 
mine the  Form  of  Truss  and  Economic  Panel  Lengths  will 
now  be  Considered.  In  pages  46  and  47  minimum  .strain  area 
diagrams  for  Pratt,  Warren  and  Warren  sub-vertical  trusses  are 
computcfl  and  the  form  and  depth  shown  graphically  with  their 
strain  area  coefficients.  Depths  are  shown  in  fM-rccntages  of  L  and 
the  strain  area  in  coefficients  of  H7. 

Examining  these  curves,  the  incn*us<'  in  (hr  Htrain  area  of  the 
Warren  sub-vrrtical  between  foiir  and  six  paiu'l.H  is  pro|>ortional  to 
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the  percentages  of  W  which  functions  in  producing  the  stress  and 
strain  in  the  truss,  but  for  a  larger  number  of  panels  the  increase 
in  the  strain  area  coefficient  is  determined  more  largely  by  the 
■departure  of  the  triangulation  of  the  shear  carrying  members  from 
the  equi-lateral  triangle.  In  addition  to  the  strain  areas  for  these 
elementary  simple  types,  the  curve  of  strain  areas  for  the  camel 
back  with  the  Warren  webbing  is  shown. 

It  will  be  noted  that  for  a  200-foot  span  of  the  camel  back  type 
with  four  panels,  the  top  chords  are  supported  at  less  than  fifty- 
foot  intervals,  while  if  we  were  to  compare  it  with  the  four-panel 
Warren  with  sub-verticals,  the  top  chord  would  be  100  feet  in 
length  without  support  which  is  an  impractical  relation  of  length 
to  dimension  of  the  compression  chord.  Hence,  we  will  be  forced, 
if  we  compare  it  with  the  Warren  sub-vertical,  to  take  an  eight- 
panel  in  which  the  strain  area  is  1.50  against  a  strain  area  of 
approximately  1.23  for  the  camel  back.  Again,  for  the  ten-panel 
camel  back  of  770  feet,  a  reasonable  top  chord  length  and  a  practical 
height  of  135  feet  are  selected,  while  the  ten-panel  Warren  sub- 
vertical  would  give  170-feet  height  and  134-feet  chord  length 
which  would  be  impractical  from  the  standpoint  of  erection  and 
top  heaviness  of  the  structure  and  makeup  of  compression  mem- 
bers. 

Thus  the  subdivision  of  the  truss  must  be  made  with  reference 
to  practical  limitations  of  height  which  increase  the  cost  of  erection 
and  may  render  the  truss  type  top  heavy  under  the  lateral  forces  of 
wind.  For  that  reason  in  the  longer  span  bridge  simple  Warren 
web  systems  with  arched  top  chords  are  the  most  economical. 

In  them  there  is  no  transfer  of  the  load  back  and  forth  thru  the 
depth  of  the  truss  without  carrying  it  toward  the  support.  There 
are  no  members  which  do  not  function  in  truss  action  by  the  elimi- 
nation of  sub-panel  divisions. 

In  interpreting  the  minimum  strain  area  diagram  and  its  indi- 
cations of  economic  depth,  the  relative  percentage  of  details  re- 
quired by  web  members  and  the  chords  is  to  be  given  consideration. 
The  lacing  and  latticing  of  the  relatively  light  sections  of  the  web 
members  renders  their  percentage  of  details  nearly  double  that  of 
the  chord  members  and  this  increase  in  weight  for  satisfactory 
details  tends  to  reduce  the  economic  depth  of  the  minimum  strain 
area  from  five  to  ten  percent  dependent  on  the  type  and  makeup  of 
the  truss.  For  the  long  span  camel  back  the  minimum  strain  area  in- 
volves a  greater  height  than  permissible  for  the  economic  depth  by 
ten  to  fifteen  percent,  because  of  erection  difficulties,  top  heaviness 
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and  this  diverfcence  in  percentage  of  details  in  the  chords  and  web 
mcnilwrs.  In  the  long  span,  the  higher  the  truss  the  more  expensive 
the  traveler  and  the  higher  the  ert*ction  cost  becomes.  The  varia- 
tion in  weight  for  a  considerable  departure  from  the  exact  economic 
depth  is  small.  Its  increase  is  approximately C  parabolic  function; 
at  first  slow — then  more  and  more  rapid  tus  the  square  of  the  diver- 
gence from  the  proportions  of  economic  depth  as  may  be  appre- 
ciated from  the  ((iinputatiotis  of  the  rolled  beam  and  girders  of  the 
previous  chapter. 

10.  Arch  and  Cantilever  Arch  Trusses:  Whore  the  foun- 
dation conditions  are  favorable  and  the  height  sufficient,  the  arch 
is  mort»  economical  than  the  simple  truss  because  the  thrust  dis- 
places the  bottom  chord  and  thus  eliminates  an  element  of  consider- 
able weight  from  the  design.  Its  elimination  permits  a  larger 
economic  depth  for  the  minimum  strain  area  diagraiti  than  that  for 
any  form  of  simple  truss. 

A  modification  of  the  arch  type  is  presented  by  the  cantilever 
arch  which  may  be  utilized  in  certain  locations  for  long  span  con- 
struction. It  possesses  an  advantage  over  the  cantilever  in  that  its 
eflfective  depth  may  be  made  much  greater  in  profwrtion  to  the 
span  length  than  consistent  for  continuous  or  cantilever  con- 
struction. 

Further  consideration  will  be  given  to  these  forms  in  the  dis- 
cussion of  long  span  bridges. 

The  suspension  bridge  is  sometimes  classed  as  an  inverted  arch, 
and  may  be  designed  of  chains  of  eye  bars  or  with  cables  made  up 
of  small  wires  spun  from  anchorage  to  anchorage,  afterward  leveled 
to  the  proper  height  and  wrapped  or  lx)und  together  into  main 
supporting  cables. 

The  suspension  type  was  used  in  the  early  days  of  bridge  build- 
ing for  railroad  traffic.  The  old  suspension  bridge  over  the  Niagara 
gorge  is  one  of  the  early  examples  of  such  constructions  now  re- 
placed by  the  rigi<l  two-hinged  arch.  The  Niagara  bridge  had  a 
span  of  825  feet  with  two  decks,  the  lower  one  carrying  a  highway 
15  feet  wide  partially  enclosed  at  the  side  by  the  timlK>r  stiffening 
truss4>s.  The  upper  deck  24  feet  wide,  245  feet  above  water,  had  a 
single  track  in  the  center  and  was  floored  over  separating  it  from 
the  fl<K)r  below.  The  floors  were  suspended  at  intervals  of  5  feet 
from  the  upper  and  lower  cables  which  were  four  in  number,  10-1/4 
inches  diameter,  containing  520  wires  in  each.  The  masonry  towers 
were  60  feet  alwve  the  road.  The  bridge  was  braced  laterally 
againixt  wind  by  50  wire  gtiy  ropes  1-1/4  inches  diameter  fastened 
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to  rocks  below.  It  was  completed  in  1855  at  a  cost  of  $400,000.  In 
1897,  the  whole  bridge  was  replaced  by  the  present  steel  arch  with 
a  span  of  550  feet. 

In  service,  railroad  suspension  bridges  have  not  been  satis- 
factory in  the  matter  of  stiffness.  That  at  Niagara,  Frankfort, 
Vienna  and  Durham  over  the  Tees  have  been  removed  and  re- 
placed. In  1857,  a  suspension  bridge  was  started  by  Mr.  Roebling 
to  carry  the  Cincinnati  &  Southern  over  the  Kentucky  river  at  an 
elevation  of  275  feet  above  water.  The  span  of  the  cables  was  1,230 
feet,  but  after  the  towers  were  completed,  building  was  discontinued 
owing  to  failure  of  the  company.  Twenty-two  years  later,  in  1867, 
a  continuous  three-span  structure  designed  by  C.  Shalee  Smith  was 
built  across  the  gorge  with  a  deck  of  275  feet  above  the  water,  each 
span  375  feet  in  length  on  metal  towers.  After  completion  the 
chords  were  cut  75  feet  shoreward  from  each  tower  making  the  end 
spans  300  feet  and  a  center  double  cantilever  girder  525  feet  long. 
The  girders  were  37'3"  deep  and  18'  centers.  The  trusses  were  re- 
placed in  1910  by  heavier  ones  70  feet  deep  for  a  double  track  on 
wider  towers  and  foundations. 

A  further  discussion  of  the  suspension  bridges  will  be  presented 
in  a  later  chapter  dealing  with  long  span  bridges. 
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CHAPTER  XXVIII 
FOUNDATIONS 


1.  As  the  economic  cost  of  the  viaduct  depends  jointly  uf)on 
the  cost  of  the  sub-  and  super-structure  a  brief  discussion  of  the  fit- 
neM  of  different  types  of  sub-structure  under  different  conditions 
may  be  helpful  to  the  student. 

The  natural  material  on  whidi  the  structure  rests  is  called  its 
FOUNDATION  BED.  The  design  of  a  foundation  may  be  de- 
fined as  the  exercise  of  engineering  judgment  in  providing  a  safe 
and  permanent  base  for  the  support  of  the  super-structure. 

The  load  on  the  foundation  bed  should  be  kept  within  the  safe 
compressive  resistance  of  the  material  of  which  it  is  composed  under 
extreme  conditions  of  loading  and  the  worst  conditions  of  storm  or 
flood.  To  meet  these  requirements,  a  thorough  exploration  of  the 
site  and  tests  of  the  physical  characteristics  of  the  material  of  which 
the  foundation  l>ed  consists  is  the  first  step. 

As  the  bridge  may  be  in  any  part  of  the  world,  so  the  material 
encountered  in  the  foundation  bed  may  vary  as  widely  in  character, 
as  the  diverse  geological  formations  of  the  earth's  surface  which 
for  our  purposes  may  be  roughly  divided  into  rock  and  earth  com- 
poeed  of  various  materials  differing  from  each  other  in  chemical 
composition  and  physical  properties. 

Rock  forming  minerals  are  largely  comprised  in  two  groups,  the 
silica  minerals  and  the  calcarious  minerals.  Pure  silica  in  its 
crystalline  form  is  known  as  QUARTZ.  Because  of  its  hardness  it 
better  resists  abrasion  and  decomposition  than  other  minerals  with 
which  it  is  found  associated,  hence  it  forms  the  principal  constit- 
uent of  sanfly  de[X)sits.  Flint  and  agate  are  non-crj'stallinc  forms 
of  silica.  The  cementing  material  in  some  sandstones  and  many 
other  rocks  is  silica  deposited  from  solution  in  a  manner  similar 
to  the  building  up  of  stalagmite  and  stalactite  deposits  which  all 
are  familiar  with. 

Combinations  of  silica  with  various  bases  are  second  only  to 
quarts  in  wide  distribution.  Silicate  of  alumina  with  soda  lime  and 
potash  is  a  large  constituent  of  granite  and  other  igneous  rocks. 
Granite  is  bard  and  durable  in  general  when  there  is  no  iron  in  its 
makeup.    Then  it  is  readily  deconi|K>sed. 
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By  the  decomposition  of  granite,  silicate  of  aluminum,  the  base 
of  clay,  is  formed,  the  mica  and  quartz  remaining  unchanged. 

Chlorite,  talc  and  soapstone  are  hydrated  silicates  lacking  in 
hardness  with  a  soapy  texture.  Sliding  on  the  foundation  bed  or 
between  parts  of  it  with  this  as  a  base  is  to  be  guarded  against. 

Horn  blende  and  augite  are  silicates  of  lime,  iron  and  magnesium 
and  alumina  of  frequent  occurrence. 

The  carbonate  of  lime  CaCos  when  pure  and  crystallized  is 
known  as  Iceland  spar  or  calcite.  It  is  soluble  in  water  containing 
CO2.  Calcite  in  varying  degrees  of  purity  forms  the  base  of  lime- 
stone and  marbles.  The  carbonate  of  lime  and  magnesia  with 
generally  some  silica  forms  the  Dolomitic  Limestones  and  marbles. 

According  to  the  manner  in  which  they  have  been  formed,  rocks 
are  classified  as  igneous,  sedimentary  and  metamorphic. 

IGNEOUS  rocks  are  those  which  have  solidified  from  a  molten 
condition.  They  may  be  of  granular  crystalline  on  glass  like  texture 
but  without  stratification.  Granite,  bassalt  trap,  lava,  obsidian 
and  pumice  are  examples. 

SEDIMENTARY  rocks  were  deposited  from  water  born 
material  such  as  clay,  sand,  marl,  etc.,  the  consolidation  being 
effected  under  water  by  pressure  and  chemical  action.  As  the 
materials  were  deposited  in  layers  of  different  grades,  stratifications 
are  found  in  accord  with  the  manner  or  rate  of  sedimentation. 

After  hardening,  the  original  beds  have  frequently  been  sub- 
jected to  upheaval  and  the  inclination  of  the  stratification  should 
be  considered  with  reference  to  sliding  or  disintegration  in  the 
foundation  bed. 

Strata  of  sand  cemented  into  a  rock  body  by  silica,  oxide  of  iron, 
or  carbonate  of  lime,  constitute  the  different  varieties  of  sandstone, 
the  durability  of  which  is  determined  by  the  cementing  material. 
Carbonate  of  lime  being  soluble  in  water  containing  carbonic  acid, 
sandstone  cemented  by  it  weathers  more  readily  and  is  not  as  re- 
liable as  though  the  cementing  materials  were  silica  or  iron  oxide. 

Chalk  is  a  soft  limestone  of  earthy  texture,  white,  buff  or  gray 
in  color,  chiefly  composed  of  minute  shells  of  formanifera. 

Limestone  is  likewise  often  composed  of  calcium  deposits  of 
marine  organisms.  In  some  deposits  fossils,  shells  or  coral  forma- 
tion indicate  its  origin,  whereas  other  limestones  present  no  indi- 
cation of  organic  origin.  The  presence  of  clay  and  other  impurities 
often  renders  it  difficult  to  distinguish  by  their  appearance  certain 
limestones  from  shale  or  some  kinds  of  sandstones.    The  purer  the 
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limestone  the  more  soluble  it  is  and  the  more  frequent  the  occur- 
rence of  caverns  and  voids  in  the  ledRp. 

In  the  formation  of  oolitic  limestones,  thin  layers  of  clay  are 
found  in  the  stratifications  which  disintegrate  with  freezing  and 
thawing  and  prevent  the  rock  from  giving  satisfaction  as  a  building 
stone  tho  below  the  frost  line  it  is  satisfactory  as  a  foundation  bed. 

Argillacious  rocks  contain  clay  with  fine  sand,  mud,  etc.,  and 
while  some  shales  are  hard  and  compact  others  deteriorate  as  ex- 
posed to  the  frost  and  weather.  The  shale  clny  which  underlies 
a  large  area  below  the  silt  of  the  Missouri  i;i\<  i  l)ed  in  North 
Dakota  forms  a  good  foundation  bed  below  water  though  it  disin- 
tegrates when  exposed  to  sun  and  frost  at  the  surface. 

The  general  eflfect  of  METAMORPHISM  is  to  produce  a  hard 
durable  rock.  By  heat  from  a  nearby  intrusion  of  molten  rock, 
limestone  is  changed  to  a  crystalline  marble. 

Quart zite,  a  crystalline  rock  of  great  hardness,  is  a  metamor- 
phosed sandstone,  the  change  in  character  l)eing  cfTcctcd  either  by 
h^t  or  the  chemical  precipitation  of  silica. 

Slate  is  a  strong  dense  rock  formed  from  clay  shjiles.  Gneiss  is 
a  laminated  metamorphosed  rock,  some  varieties  of  u  hit  li  resemble 
granite  but  the  laminated  aspect  Is  characteristic. 

Mica  schists  are  liable  to  decomposition  into  small  grains  of 
mica  and  fine  material  which  when  wet  acts  as  a  quicksand. 

EAKTHY  MATERIAL  resulting  from  the  disintegration  of 
rock  masses  is  broadly  classed  as  EARTH.  By  the  combined  action 
of  water  and  high  temperature  rock  of  such  great  strength  as  a 
feldspathic  granite  may  disintegrate,  the  feldspar  changing  chemi- 
cally into  the  hydrated  silicate  of  aluminum  known  as  clay,  while 
the  crystals  of  (juartz  mica  or  hornblende  remain  unchanged  but 
become  d.  i;i<  Ik  <1  panicles  which  are  classed  as  sand. 

By  the  mechanical  action  of  frost,  fragments  are  detached  from 
the  ledge  of  which  they  were  a  part  and  \\wy  become  shifted  about 
by  various  agencies. 

As  flowing  water  more  readily  transports  small  particles  than 
large  fragments,  large  pieces  are  moved  intermittently  during  storm 
or  flcMxl  and  are  deposited  as  soon  as  the  current  velocity  slackens, 
the  smaller  particles  lieing  held  in  suspension  longer  are  deposited 
in  the  order  of  their  size,  the  larger  first.  Swift  mountain  streams 
constantly  move  and  grind  together  the  materials  of  their  rocky 
lieds  forming  the  particles  of  sand  and  gravel  which  are  washed 
down  and  de{K)sited  as  the  rtirrmt  slackens,  first  as  beds  of  gnivcl. 
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then  sand  bars,  and  finally  in  the  slower  moving  lower  levels  as  beds 
of  silt  and  alluvium. 

The  action  of  glaciers  is  similar  to  that  of  the  stream.  The 
deposits  differ  from  that  of  the  stream  in  that  with  like  material 
the  classification  as  to  size  of  the  deposit  is  lacking.  Boulders  may 
occur  in  the  surface  of  the  glacial  drift  or  may  be  disseminated  as 
by  chance  thru  the  deposit. 

The  occurrence  of  glacial  boulders  thus  gives  little  indication 
of  the  character  of  surrounding  deposit.  In  river  deposits  on  the 
contrary,  the  occurrence  of  boulders  indicates  that  the  bed  of  which 
they  are  a  part  has  been  thoroughly  consolidated  by  current  action 
which  formed  it  and  also  because  such  deposits  generally  extend 
to  compact  material  capable  of  resisting  the  action  of  rapidly 
flowing  water.  Sand,  gravel  or  boulder  strata  deposited  by  wave 
action  are  not  necessarily  uniform  in  the  gradation  of  material  to 
any  great  depth  and  tests  should  be  made  to  determine  the  nature 
of  the  material  underlying  the  beach  formations.  When  tributary 
streams  discharge  into  the  wide  basin  of  a  main  river,  they  often 
deposit  bars  of  gravel  and  boulders  over  lying  silt  clay  or  marl  or 
other  untrustworthy  material  deposited  by  the  main  stream  and 
the  investigation  of  such  sites  should  be  thorough. 

2.  Clay  when  pure  is  the  product  of  decomposition  of  feldspar 
and  consists  of  hydrated  silica  of  aluminum.  As  encountered  in  the 
foundation  bed,  various  impurities  are  mixed  with  the  clay  so  that 
in  general  ordinary  clay  is  a  mixture  of  hydrated  silicate  of  alu- 
minum with  very  finely  divided  minerals.  Mixtures  of  clay  and 
sand  are  found  varying  from  beds  of  nearly  pure  clay  to  that  of 
nearly  pure  sand,  rendering  definite  classification  difficult.  As 
found  in  excavations,  clay  is  generally  in  a  moist  plastic  condition, 
the  amount  of  moisture  varying  greatly.  On  drying,  clay  shrinks 
in  volume,  loses  its  plasticity  and  becomes  a  firm  coherent  mass 
resembling  sun  dried  brick.  Loss  of  volume  in  drying  out  is  con- 
siderable and  depends'  on  the  amount  of  the  impurities  present, 
ranging  from  two  or  three  percent  to  over  fifteen  with  purer  clays. 

Compact  moist  clay  is  impervious  to  water  in  the  sense  that  it 
cannot  pass  thru  as  it  would  thru  course  sand,  but  eventually  it 
may  become  saturated  and  softened  by  water  to  a  considerable 
depth.  This  is  particularly  true  where  there  are  seams  in  the  clay 
or  strata  of  sand  thru  which  the  water  can  percolate  or  penetrate. 
Such  seams  give  rise  to  sliding  and  render  the  material  dangerous 
where  the  foundation  bed  is  on  sloping  ground. 

In  the  author's  first  experience  with  blue  clay  of  Winnipeg,  he 
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discovered  that  an  excavation  ten  feet  deep  might  cause  almost 
horizontal  motion  of  the  material  to  start  from  a  point  seventy  feet 
away.  Excavation  of  a  twelve-foot  square  area  for  the  footings 
two-feet  deep  would  slide  nearly  full  under  a  shower  of  short  dura- 
tion. Notwithstanding  that,  under  finished  structures  the  same 
clay  is  regularly  sup|>orting  more  than  four  tons  per  square  foot 
without  excessive  settlement.  The  i-eddish  clay  in  the  same  district 
containing  ver>'  little  sand  Ls  exceedingly  unstable  when  wet,  the 
tower  of  a  very  artistic  church  huilt  of  l>eautiful  cut  Tyndale  Hme- 
stone  collapsed  within  a  month  after  its  completion  because  of  the 
instability  of  wet  red  clay  in  the  foundation  bed  which  appeared 
stable  until  saturated  with  water. 

Any  foundation  l^ed  in  which  change  in  the  moisture  content  of 
the  clay  may  be  subject  to  wide  variation  is  liable  to  undesirable 
settlement  and  it  is  well  to  examine  the  clay  l)oth  in  the  wet  and 
dry  condition  in  forming  final  judgment  as  to  its  stability  under  the 
most  unfavorable  circumstances.  The  investigation  of  the  deport- 
ment of  structures  supijorted  by  it  if  there  are  any  in  the  vicinity 
is  more  to  the  point  than  mere  loading  tests  on  a  small  area.  In 
general  it  may  l)e  said  that  the  supporting  power  of  the  clay  de- 
pends in  a  large  measure  on  the  amount  of  sand  or  other  impurities 
which  it  may  contain. 

Ordinary  stiff  clay  should  not  be  loaded  with  more  than  two 
tons.  If  soft  and  plastic,  two  tons  may  produce  inadmissible 
settlement.  Clay  containing  so  large  a  percentage  of  sand  as  to 
lose  much  of  its  plasticity  may  be  loaded  with  four  tons  per 
square  foot  and  stand  up  well.  In  bridge  locations  where  the  banks 
rise  abruptly  and  rest  upon  clay  strata,  the  site  should  be  investi- 
gated for  faults  or  evidence  of  slipping  or  sliding  of  the  bank  toward 
the  river  channel.  The  east  abutment  of  the  Northern  Pacific 
Bridge  over  the  Missouri  at  Bismarck  was  pushed  toward  the  river 
several  feet  by  such  sliding  presenting  a  difficult  and  expensive 
undertaking  to  rectify  and  maintain,  and  like  difficulties  are  best 
avoided  in  locating  the  crossing  where  faults  are  not  to  be  found. 

3.  Hard  Pan  is  an  earth  through  which  it  is  very  hard  to  dig, 
auch  as  gravel  and  boulders  cemented  by  clay  or  indurated  clay. 
Sand  and  gravel  partly  cemented  by  a  small  amount  of  carbonate 
of  lime  or  by  iron-oxide  is  also  classed  as  hard  pan.  Hard  pan  may 
be  regarded  as  a  sedimentary  rock  in  process  of  formation.  The 
processes  of  solidification  be  they  physical  or  chemical  may  be 
found  in  all  stages  from  the  softest  clay  thru  hard  pan  and  shale  to 
the  hardest  slate. 
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Cemented  hard  pan  containing  gravel  has  been  frequently 
loaded  more  than  ten  tons  per  square  foot  and  this  may  not  be 
excessive,  providing  the  hard  pan  is  continuous  to  a  hard  sub- 
strata, a  matter  to  be  thoroughly  investigated  by  borings  for  any 
important  structure. 

4.  The  Safe  Load  on  Hard  Rock  may  exceed  the  crushing 
strength  of  concrete  or  stone  masonry,  while  any  material  worthy 
of  the  name  of  rock  below  frost  line  is  capable  of  supporting  from 
from  15  to  20  tons  per  square  foot,  providing  the  ledge  is  thick. 
Shell  rock  of  limestone  shale  and  slate  underlaid  by  soft  material 
possess  less  supporting  power  than  the  ledge  and  only  exploration 
by  boring  will  determine  the  facts. 

5.  Strata  of  Gravel  Boulders  and  Coarse  Sand  protected 
from  scour  may  safely  carry  five  to  six  tons  per  square  foot  for 
surface  pressure. 

6.  Fine  Sand,  if  confined  laterally  is  nearly  as  incompressible 
as  COARSE  sand,  but  the  necessary  lateral  restraint  is  not  present 
in  the  foundation  bed  and  when  surcharged  with  water,  fine  sand 
is  so  unstable  that  it  is  characterized  as  Quick  Sand.  Under  the 
weight  of  a  railroad  embankment  where  a  layer  of  three  to  four 
feet  of  quick  sand  underlies  ten  feet  of  clay,  the  quick  sand  flows 
laterally,  the  embankment  settles  vertically  and  the  soil  on  each 
side  rises  in  a  wave  or  roll  as  it  is  forced  upward  by  the  hydrostatic 
pressure  below.  Mud  and  all  semi-fluid  strata  present  like  charac- 
teristics. 

7.  For  the  Foundations  of  Culverts  and  Retaining  Walls 
it  will  be  usually  a  sufficient  precaution  after  having  dug  and  leveled 
off  the  foundation  pits  below  the  frost  fine  and  below  the  proba- 
bility of  washing  out,  to  test  the  earth  by  a  sounding  rod  or  better 
by  boring  with  a  common  wood  auger  1  ^  inches  diameter  with  pipe 
fittings.  This  will  bring  up  samples  and  show  the  nature  of  the 
underlying  strata  and  the  depths  that  it  continues  firm  and  in  that 
respect  satisfactory.  If  there  is  from  15  to  20  feet  of  firm  earth 
there  will  rarely  be  risk  in  proceeding  with  the  concreting  or 
masonry  work  because  this  thickness  will  in  general  be  safe  for  an 
ordinary  abutment  even  tho  deeper  it  be  underlaid  by  softer  strata. 

The  bearing  power  of  coarse  sand,  gravel  and  hard  pan  may  be 
taken  as  five  tons  per  square  foot ;  blue  clay  three  tons  and  ordinary 
clay  and  silt  not  over  two  tons,  while  some  soft  clays  cannot  be 
trusted  to  support  more  than  a  ton  and  had  better  be  piled  or  filled 
with  a  bed  of  rock  and  gravel. 

8.  Exploration  by  Wash  Borings  with  the  ordinary  well 
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drillinK  rig  can  be  made  to  a  depth  of  100  to  120  feet  and  samples 
of  the  material  brought  up  at  an  expense  of  sixty  to  a  hundred 
dollars  per  hole,  and  from  such  investigation  fairly  reliable  data 
may  be  secured  for  the  proper  design  of  pier  foundations.  When 
an  unreliable  strata  overlies  a  firm  one,  but  tat  such  a  depth  that 
excavation  becomes  unduly  expensive  and  there  is  water  to  con- 
tend with,  piles  furnish  the  best  manner  of  support  for  tli<'  founda- 
tions. Timl)er  is  permanent  as  long  as  it  is  kept  wot.  Ihikc  the  top 
of  the  pile  should  Ik*  kept  Iwlow  the  permanent  water  line. 

9.    The  Bearing  Power  of  the  Pile  (P)  is  usually  figured 
when  the  piles  are  driven  by  a  drop  hammer  by  the  formula 

2Wh 
p  =  

5+  1 

For  a  pile  driven  with  a  steam  hammer, 

2Wh 
p  =  


S  +  0.1 


In  which  P  is  the  safe  load  in  pounds,  W  the  weight  of  the  hammer 
in  pounds,  h  the  fall  of  the  hammer  in  feet,  and  S  penetration  or 
sinking  in  inches  under  the  last  blow,  assumed  to  be  at  an  approx- 
imately uniform  rate.  These  formulas  were  deduced  for  wood 
piles;  but  are  the  best  there  arc  for  concrete  piles. 

Morsch  gives  the  Brix  formula  as  usually  employed  on  the 
Continent : 

hd'g 

2e  (Q  +  g)' 

wherein  h  is  the  fall  of  the  hammer;  Q  the  weight  of  the  hammer; 
g  the  weight  of  the  pile;  e  the  ixMietration  of  the  pile  under  the  last 
blow;  p  is  double  the  safe  allowable  load  for  the  pile.  The  quantity 
e  will  naturally  be  the  average  of  the  last  few  blows. 

Merriman  gives  the  following  comparison  of  actual  loads  upon 
piles  and  those  computed  by  the  formula — 
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Comparison 

of  Actual  and  Computed  Safe  Loads  of  Piles 

Length 

of  Pile, 

feet 

Weight 
Ham- 
mer, 
W,  lbs. 

Height 
of  Fall, 
h,  feet 

Last 
Pene- 
tra- 
tion, 
5,  in. 

Load,  lbs. 

Character  of  Soil 

Locality 

Ob- 
served 

Com- 
puted 

53 
25 
35 
35 

"91' 

73 

2000 
1600 
1700 
910 
1900 
2300 

2300 

2300 
2300 

4.0 
25.0 
25.0 

5.0 
29.0 
22.0 

33.5 

22.0 
22.0 

8.5 

3.0 

2.0 

0.35 

1.5 

1.75 

3.75 

2.0 
1.0 

13,333 
22,400 
44,800 
62,50C 
75,0C0 
75,000 

34,000 

38,000 
110,000 

1,690 
19,750 
28,300 

6,740 
44,100 
36,800 

32,500 

33,700 
50,600 

Almost  fluid  mud 

Soft  muddy  bottom. . 
Mud,  30  feet  deep..  . 
Mud,  sand,  and  clay . 

Stiff  clay 

Mud  60  ft.,  fine  sand 

6  ft 

Water  12  ft.,  mud  61 

ft. 

Aquia  Creek,  Va. 
East  St.  Louis,  111. 
Perth  Amboy,  N.  J. 
Proctorsville,  La. 
Buffalo,  N.  Y. 

Annapolis,  Md. 

Annapolis,  Md. 
Annapolis,  Md. 

30 

Sand..... 

33 

Sand    

Annapolis,  Md. 

From  this  comparison  it  is  observed  that  the  formula  is  fairly- 
accurate  only  for  relatively  firm  strata.  In  quick  sand  and  semi- 
viscous  mud  or  in  silt,  below  the  permanent  water  line  the  material 
settles  about  the  pile  so  materially  increasing  its  f  rictional  resistance 
that  a  pile  whose  penetration  under  the  last  blow  may  be  an  inch 
may  not  budge  after  settling  a  day  or  two  until  loosened  up  under 
three  or  four  blows  of  the  same  ram  falling  the  same  height.  Under 
such  conditions,  the  formula  is  not  an  inerrant  guide.  The  spacing 
of  the  piles  in  alluvial  earth  has  a  marked  effect  on  their  bearing 
capacity.  When  driven  too  close  together,  driving  one  pile  will 
force  upwards  its  neighbor  so  that  about  three  feet  center  to  center 
is  a  minimum  for  the  best  results  in  soil  of  this  character.  When, 
however,  the  piles  are  driven  thru  clay  to  hard  pan  or  firm  strata, 
they  may  be  spaced  as  closely  as  two  feet  six  inches  centers,  i.  e., 
when  the  pile  resistance  is  merely  frictional,  the  minimum  spacing 
is  greater  than  when  it  is  predominantly  that  of  bearing  toward  or 
near  the  point.  Unusually  high  bearing  pressure  reported  for  piles 
in  alluvial  delta  soil  are  accounted  for  by  the  cap  bearing  and  the 
combined  resistance  of  the  distribution  of  the  weight  from  the  area 
of  the  cap  and  the  friction  of  the  piles  effecting  a  spreading  of  the 
load  laterally  thru  the  alluvial  earth. 

For  bridge  piers  in  streams  in  which  the  bottom  is  clay  and 
gravel  which  does  not  scour  badly  and  extends  to  a  considerable 
depth,  piles  may  be  driven  at  about  3  feet  centers  until  penetration 
does  not  exceed  one-fourth  or  one-eighth  inch  under  the  last  blow 
of  the  ram,  care  being  taken  not  to  broom  the  pile  by  over  driving. 
Piles  are  then  cut  off  close  above  the  low  water  level.  A  box  is 
placed  around  the  pier  to  prevent  the  flow  of  water  and  a  concrete 
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not  leaner  than  a  1-2^  mix  is  deposited  al)Out  the  piles  with  a 
i  Care  must  b<«  exercised  that  no  separation  of  the  concrete 

i  ,  i.ice  by  dropping  it  thru  the  water,  but  rather  that  it  l>e 

depositetl  under  water  without  dropping  thru  it  any  material 
«!i  .    The  end  of  the  trenmiy  is  to  Ix*  kepi  just  al)Ove  the  level 

«  '  -Mcrete  as  it  is  defwsited.    In  this  way  concrete  was  deposit- 

ed at  depths  of  over  70  feet  below  water  in  the  Detroit  tunnel  and 
cores  taken  from  this  concrete  tested  from  7,000  to  8,000  pounds 
per  square  inch  compressive  strength.  This  method  of  building 
thr  pier  saves  expensive  coffer  dams  and  if  the  work  is  carefully 
executed  it  is  satisfactory'  in  locations  where  wash  may  Ik*  prevented 
ni«»und  the  base  of  the  pier  by  a  mattress  of  brush  held  in  place  by 
hea\'y  rip  rap. 

10.  Pile  Driving  Practice.  A  thorough  exploration  of  the 
site  by  borings  and  by  driving  test  piles  is  a  prerequisite  of  economic 
design  to  determine  the  diameter,  length  and  metho<l  of  driving  for 
the  service  expected. 

The  specifications  governing  the  penetration  of  a  pile  should  be 
adapted  to  the  character  of  earth  which  the  pile  is  to  penetrate.  It 
is  more  important  that  a  suitable  length  l>e  put  in  place  without 
injury  than  that  its  penetration  should  be  a  specific  distance  under 
a  given  blow  or  series  of  blows.  Avoid  overdriving  which  is  indi- 
cated by  l)ending  and  kicking  of  the  pile  and  bouncing  of  the 
hammer. 

The  steam  hammer  is  more  effective  than  the  drop  hammer  in 
securing  penetration  without  injury  to  the  pile.  The  weight  of  the 
steam  hammer  for  heavy  piles  shouhl  run  from  six  to  eight  tons. 

When  the  earth  consists  of  compact  coarse  sand  and  gravel,  the 
use  of  a  jet  and  steel  shoes  for  the  pile  may  l>e  advantag(H)Us. 

When  piles  must  be  driven  thru  muck  to  a  hard  stratum  at  the 
foot,  they  may  be  treated  as  columns  and  braced  for  trestle  con- 
struction, but  are  unsuitable  for  supporting  masonry  piers. 

Where  the  bearing  capacity  of  a  pile  depends  predominantly 
upon  skin  friction  unless  a  record  of  l>earing  capacity  is  available 
at  the  name  site,  it  should  l>e  verified  by  loading  not  earlier  than 
two  days  after  driving  in  order  that  it  may  develop  its  full  re- 
sistance by  settling  of  the  material  al)out  it.  Pile  foundations 
l)ecome  unsuitable  for  the  supp(»rt  of  Bridge  masonry  where  over- 
burden above  rock  is  too  shallow  to  permit  the  pile  to  develop 
satisfactory  lateral  resistance.  Under  such  conditions  the  masonr>' 
should  l>e  carried  thru  the  overlying  material  to  the  hard  strata 
below. 
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Where  considerable  excavation  becomes  necessary  to  preserve 
the  wood  piles  by  keeping  them  below  the  permanent  water  line,  it 
may  be  cheaper  to  sink  a  hollow  concrete  shell  to  the  hard  under- 
lying strata  and  fill  it  with  cyclopean  concrete. 

11.  Timber  Piles  for  Heavy  Foundations  should  be  cut 
from  sound  timber  free  from  worm  holes,  decay,  ring  shakes,  un- 
sound and  loose  knots  or  defects  which  impair  strength.  Oak,  fir, 
tamarack,  maple,  spruce,  redwood  or  cypress  may  be  used. 

Piles  should  be  cut  from  sound  live  timber  when  the  sap  is  down. 
They  should  be  butt  cut  above  the  ground  swell  and  have  a 
uniform  taper  from  butt  to  point.  A  line  drawn  from  the  center  of 
the  butt  to  the  center  of  the  tip  should  lie  wholly  within  the  body 
of  the  pile. 

All  knots  to  be  trimmed  close  to  the  body  of  the  pile.  The  mini- 
mum dimension  at  the  tip  should  be  9  inches  and  a  maximum  at 
the  butt  of  20  inches. 

12.  The  Old  Method  of  Constructing  Bridge  Piers  was 
after  driving  the  piles  to  cut  them  off  below  water  as  low  as  possible, 
capping  them  with  a  grillage  of  timber  and  then  build  the  masonry 
pier  thereon.  Simple  bending  resistance  for  the  pile  only  was  thus 
opposed  to  down  stream  motion  and  some  cases  have  been  ob- 
served where  the  shift  of  a  railroad  bridge  pier  was  eight  or  ten 
inches  down  stream.  The  improved  method  is  that  of  cutting  the 
piles  not  more  than  two  feet  above  extreme  low  water  as  they  will 
keep  wet  by  capillary  attraction  to  this  height  if  sealed  with  con- 
crete on  all  sides.  The  pile  embedded  in  the  concrete  in  this  way 
is  restrained  at  the  top  so  that  the  bending  moment  upon  it  is 
halved  and  its  stiffness  quadrupled  over  that  of  the  pile  which  bears 
only  upon  the  grillage  at  its  top  end. 

Wood  piles  are  less  expensive  than  concrete  piles,  but  for  per- 
manence they  cannot  extend  above  the  low  water  level  except  the 
small  amount  the  seal  in  the  concrete  permits.  Accordingly,  where 
the  base  of  the  pier  masonry  is  above  the  permanent  water  line  and 
the  strata  is  soft,  concrete  piles  may  be  advantageously  used  though 
more  expensive  than  timber. 

13.  Piers  Carried  Down  to  Hard  Material  are  the  most 
satisfactory  type  of  construction.  If  the  depth  does  not  exceed  15 
to  18  feet,  the  area  occupied  by  the  pier  may  be  cofferdammed  with 
sheet  piling  properly  braced,  the  excavation  made  and  the  pier 
built  up  in  the  open.  For  depths  greater  than  this  in  general  it  is 
better  to  make  the  pier  its  own  cofferdam  providing  it  with  a  steel 
cutting  edge  and  sinking  it  by  dredging  from  the  interior,  following 
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methods  similar  but  not  identical  to  those  employed  in  putting 
down  the  (le<>post  foundations  such  as  that  at  Hawkesbury  and 
Poughkecpsie  BridRos. 

In  bridf^ing  the  Missouri  River  l)etween  Bismarck  and  Mandan, 
the  author  designed  the  concrete  piers  to  l>e  ak»nk  in  this  way  and 
four*  were  successfully  sunk  to  the  shale  clay  or  hard  strata  at 
depths  var>'inK  from  60  to  90  feet  below  water  without  the  use  of 
air.  Where  the  material  is  shifting  silt  for  fifty  or  sixty  feet  as  in 
this  section  of  the  IhhI  of  the  Missouri  River  and  shale  clay  is  en- 
countered l)elow  this  level,  the  cutting  edges  satisfactorily  seal  the 
pier  shell  after  reaching  the  clay  so  that  it  can  be  pumped  out  and 
the  excavation  thru  the  hard  material  carried  down  to  the  desired 
depth  in  the  open.  Where,  on  the  other  hand,  the  pier  shell  is  sunk 
to  a  satisfactorj*  Ix'd  of  a  hard  but  pervious  material  at  sufficient 
depth  to  escape  danger  of  scour,  a  thick  seal  of  concrete  may  liest 
be  placed  by  tremmy  and  the  shell  then  pumped  out  and  filled  in 
the  dry  with  cyclopean  concrete. 

In  sinking  the  concrete  shell  base  has  many  advantages  over 
timber  cribs  for  its  bearing  may  be  made  a  true  cutting  edge  against 
the  blunt  timber  edges  and  stone  filled  weighting  pockets  of  the 
timl)er  crib. 

While  the  borings  and  general  character  of  the  stream  may  in- 
dicate an  improbability  of  encountering  undue  difficulty  from  sunk- 
en logs,  heavj'  l>oulders  and  other  obstacles  to  excavation,  the 
sinking  determines  the  actual  facts. 

Reinforcement  of  the  hollow  pier  shells  in  such  wise  that  pneu- 
matic pressure  may  be  applied,  is  a  desirable  precaution  increasing 
the  strength  and  costing  but  a  moderate  amount  for  insurance 
against  unfon^'cn  contingencies. 

14.  The  Dimensions  of  the  Bridge  Pier  must  be  such  as  to 
withstand  the  impact  of  drift  at  flood  periotls  and  that  of  ice  floes 
and  jams,  logs,  etc.,  where  such  occur.  The  striking  energy  of  a 
moving  lK)dy  increases  as  the  mass  and  the  square  of  its  velocity. 
The  velocity  of  the  current  which  causes  the  drift  is  swift  at  mid 
stream  while  back  water  and  currents  are  caused  by  the  greater 
frirtion  near  the  banks  than  in  the  deeper  water  render  the  striking 
energy  of  drift  on  a  pier  near  shore  either  negligible  or  a  minute 
f  met  ion  of  that  to  which  the  channel  piers  arc  exposed.  Braced 
<'ylindrical  piers  of  reinforced  concrete  may  serve  well  for  piers 
near  shore,  while  the  river  piers  in  large  streams  carrying  a  hea>^ 
run  of  ice  in  the  spring  must  have  mass  and  Im>  given  a  broad  base. 

The  footings  of  the  river  piers  in  the  Missouri  River  crossing  at 
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Bismarck  were  given  a  base  of  60  by  23  feet,  the  lower  section  being 
14  feet  6  inches  deep  with  vertical  sides,  followed  by  a  shaft  16  feet 
wide  with  three  dredging  pockets.  Above  water  the  pier  was  nar- 
rowed down  to  12  feet  and  fitted  with  a  substantial  ice  breaking 
nose.  The  shore  piers  consisted  of  a  pair  of  concrete  cylinders 
twenty  feet  each  in  diameter  at  the  base,  stepped  in  to  14  feet,  ten 
feet  above  the  cutting  edge  with  a  nine-foot  dredging  core.  A  tie 
beam  nine  feet  thick  by  twelve  feet  high  connected  them  at  water 
level,  fitted  with  a  vertical  up  stream  cutting  edge. 

The  bases  on  shale  clay  were  figured  approximately  for  five  tons 
per  square  foot  pressure  deducting  from  the  total  superimposed  weight 
the  displacement  of  the  pier  at  100  pounds  per  cubic  foot. 

Steering  or  controlling  the  pier  shell  in  sinking  may  be  best 
effected  by  making  the  sides  of  the  base  vertical  of  a  height  from 
half  the  width  of  the  base  when  the  shell  is  cylindrical  to  five-eighths 
when  rectangular.  This  limitation  of  the  height  of  the  vertical 
surface  to  the  step  back  or  reduced  widths  of  the  shaft  greatly 
reduces  the  skin  friction,  opposing  sinking  and  gives  ample  height 
for  flaring  back  the  cutting  edge  on  its  inner  face  and  rigidly  joining 
the  reinforced  concrete  base  and  shaft  shells. 

As  the  excavation  by  clam  shell  dredge  may  be  carried  on 
through  water  as  readily  as  in  the  dry,  no  pumping  expense  is  in- 
curred until  the  excavation  has  reached  a  strata  the  clam  is  unable 
to  claw  out.  If  the  strata  penetrated  be  considered  insufficient  to 
resist  sliding  or  lacking  in  stability  at  the  depth  attained,  the 
material  may  be  loosened  up  by  the  judicious  use  of  dynamite  and 
removed  by  the  clam  as  it  is  broken  up.  If  the  strata  be  impervious 
as  in  clay,  the  pier  may  be  pumped  out  and  the  excavation  proceed 
in  the  dry  chopping  and  loosening  the  material  in  the  open.  If  the 
bottom  be  pervious  and  the  excavation  very  troublesome,  resort 
may  be  had  to  the  freezing  process  for  sealing  the  base  to  facilitate 
open  excavation. 

In  general,  the  method  above  outlined  is  the  least  expensive, 
most  rapid  and  satisfactory  method  of  sinking  foundations,  some- 
times costing  less  than  piling.  In  streams  that  have  been  used  for 
logging,  open  dredging  and  removal  of  logs  should  precede  the 
placing  of  the  pier  shell. 

Winter  construction  of  piers  is  most  favorable  when  the  ice 
forms  with  sufficient  thickness  and  can  be  counted  upon  for  two  to 
two  and  a  half  months.  The  base  may  then  be  built  on  top  of  the  ice 
with  sufficient  height  of  shaft  located  in  its  proper  position  and 
lowered  into  position  by  cutting  thru  the  ice.    The  concrete  needs 


to  be  not  leaner  than  a  one-two-four  mix,  placed  hot  and  its  harden- 
ing accelerated  hj'  steam.  F'orty-eight  hours  is  sufficient  time  for  a 
twenty-foot  nection  to  harden  sufficiently  so  that  dredging  may  be 
proceeded  with. 

15.  The  Compressed  Air  or  pneumatic  jrocess  has  lx»en  used 
in  sinking  many  bridge  foundations  to  moderate  depths.  A  base 
or  caisson  generally  of  timlK?r  with  cutting  edges  similar  to  the  ba.se 
descril)ed  for  open  dredge  work  is  constructed  and  made  practically 
air  tight.  After  being  placed  in  position,  the  water  is  forced  out  of 
the  working  chamber  between  the  cutting  edges  and  the  work  is 
carried  on  as  t  ho  in  a  great  diving  1h?11. 

The  maximum  depth  to  which  the  compressed  air  process  has 
been  applied  ha.s  l)een  113  feet  on  caisson  No.  4  of  the  Memphis 
Bridge,  and  the  next  deepest  was  the  East  abutment  of  the  Eads 
Bridge  in  St.  Ix)uis.  The  working  time  in  compressed  air  for  depths 
less  than  40  feet  may  l^e  eight  hours  per  day  with  a  visit  to  the  open 
air  for  lunch,  but  when  the  pressure  becomes  greater,  the  working 
time  must  be  shortened.  At  the  Eads  bridge  at  a  depth  of  100  to 
1 1 .')  feet,  the  men  were  able  to  work  only  two  shifts  of  two  hours 
each  and  even  then  they  remained  only  a  part  of  the  time  in  the 
working  chamber.  At  Memphis,  l)etween  80  and  90  feet,  the  men 
worked  two  shifts  of  two  hours  each  and  below  90  feet,  three  shifts 
of  one  hour  each. 

Thus  the  compressed  air  process  is  very  expensive  for  the  lower 
depths.  Special  provision  must  l)c  made  for  the  care  of  the  men,  a 
hospital  and  medical  attention  provided.  The  process  is  much  less 
rapid  than  the  open  dredge  method  altho  the  latter,  where  numerous 
boulders  and  sunken  logs  are  encountered,  may  not  l>e  as  readily 
dealt  with. 

An  air  lock  may  be  readily  attached  to  the  top  of  a  pier  shell, 
sunk  by  open  dredging  or  the  fre<*zing  process  may  be  applied  to 
seal  the  bottom  and  carry  on  an  excavation  in  the  open.  But 
occasions  are  rare  which  warrant  such  procedure. 

16.  Masonry:  Thirty  >tars  ago  railroad  engincn^rs  were 
somewhat  opposed  to  the  ust»  of  concrete  piers  and  abutments.  As 
the  permanence  of  concrete  when  the  cement  an<l  aggregate  are 
what  they  should  Iw  is  becoming  more  and  more  generally  r(*cog- 
niated,  this  prejudice  is  rapidly  disappearing.  With  the  exception 
of  granite,  ({uartzite  and  the  hardest  building  stones  only,  concnHe 
is  the  most  permanent  material  that  bridge  piers  may  be  built  of, 
providing  the  san<l  use<l  is  clean,  coarse  c|uartz  sand  fnn*  from  shale 
find  th»«  brokon  stone  is  a  hanl  material  such  as  trap,  granit*-  i|UMrl- 
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zite  or  other  stone  which  is  known  to  weather  well  without  disin- 
tegration under  the  action  of  frost.  With  the  introduction  of 
aluminate  cement  which  acquires  double  the  strength  and  greater 
hardness  than  ordinary  Portland  cement,  the  concrete  pier  may  be 
expected  to  withstand  the  abrasion  of  ice  and  drift  as  well  as  tho 
it  were  faced  with  granite,  in  locations  where  it  is  subjected  to  the 
most  severe  service. 

The  concrete  pier  has  the  advantage  that  the  shells  can  be 
rapidly  constructed,  moulded  to  any  shape  and  the  interior  may  be 
filled  with  cyclopean  masonry  at  a  very  low  cost.  In  filling  the 
shells,  alternate  skips  of  rock  and  concrete  may  be  dropped  fifty 
or  sixty  feet  in  place  and  as  long  as  the  stones  are  clean  they  will 
bed  themselves  thoroughly  in  the  plastic  matrix. 

17.  Summary:  In  the  preceding  discussion  it  has  been  the 
intent  to  present  a  general  survey  only  of  the  foundation  problem 
covering  the  author's  views  of  some  phases  of  difficult  foundations 
which  are  customarily  executed  in  a  more  expensive  manner  than 
warranted  by  the  conditions  encountered  rather  than  to  enter  into 
a  detailed  description  of  methods  upon  which  volumes  might 
readily  be  written. 
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CHAPTER  XXIX 
LONG  SPAN  RAILROAD  BRIDGE  STRUCTURES 

L  Erection  constitutes  the  major  problem  in  building  any 
unusally  long  span.  The  width  of  floor,  weight  to  be  carried,  foun- 
dation and  clearaiKc  conditions  determine  the  rational  type  of 
structure  and  the  ;m:iii):;i  iiuiit  of  its  parts.  Thus,  if  the  loads  are 
light  and  the  witlth  of  the  roadway  is  relatively  narrow  as  in  high- 
way structures,  the  suspension  type  is  the  only  choice,  but  with 
wide  roadway  for  the  combined  railroad  and  highway  bridge  the 
arch,  cantilever  arch  or  cantilever  frame  are  preferable  from  the 
standpoint  of  rigidity  and  economy.  For  either  of  the  latter  types 
cantilever  erection  of  the  main  trusses  is  necessary.  The  cantilever 
has  within  itself  a  frame  work  adapted  to  this  method  of  erection 
while  the  arch  has  not.  But  the  cantilever  is  harder  to  connect  than 
the  two  halves  of  an  arch  built  out  as  a  cantilever.  This  advantage 
in  the  erection  of  the  cantilever  can  best  be  overcome  in  an  arch 
only  by  designing  the  floor  system  to  function  in  a  dual  manner, 
first  as  back  stays  for  cantilever  erection  of  the  main  iiusses  and 
finally  as  floor  memlx?rs.  If  the  skew  back  of  the  arch  is  not  too 
far  above  supporting  rock,  less  masonry  is  required  in  the  abutments 
than  for  the  support  and  anchorage  of  the  cantilever. 

In  the  arch  but  one  force  of  the  external  couple  of  the  applied 
loads  is  resisted  by  the  steel  while  the  other  is  resisted  by  the  hori- 
zontal thrust  of  the  skew  back.  In  the  cantilever,  on  the  contrary, 
l)Oth  forces  must  l)e  resisted  by  steel  sections.  The  practical  net 
.saving  that  may  be  realized  would  involve  consideration  of  the 
amount  of  excess  erection  material  required  other  than  involved 
in  the  cantilever. 

2.  The  Competition  for  the  Sydney  Harbor  Bridge  in 
Australia  furnishes  an  interesting  study  of  various  types  of  struc- 
ture as  devised  by  Engli.sh,  French,  Canadian  and  American  engi- 
neers. The  minimum  span  requirements  for  this  structure  were  that 
of  1600  ft.  for  the  cantilever  and  1,650  ft.  for  the  arch;  total  length 
including  approaches  for  the  cantilever  3,810  ft.  and  a  total  length 
including  the  approaches  of  3,770  ft.  for  the  arch  structure.  The 
specifications  under  which  the  competition  was  conducted  pro- 
vided:— 

43.  "If  economy  and  enhanced  appearance  can  l>eobtainetl 
by  wi  doing,  the  Plans  exhibited  with  and  forming  a  part  of 
this  Specification  may  Ijc  varied  by  Tenderers  in  so  far  as 
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the  length  of  spans,  the  outHne  of  trusses,  the  details  of 
bracing,  the  number  and  pitch  of  cross  girders  and  string- 
ers, the  details  of  decking  and  handrailing,  the  masonry- 
faced  piers  and  abutments  and  the  detail  arrangements 
generally  are  concerned.  The  salient  features,  however, 
must  be  observed;  the  distance  between  centers  of  main 
piers  cannot  be  decreased,  although  the  length  of  the  sus- 
pended span  and  Harbour  arms  of  cantilevers  may  be  varied, 
provided  the  distance  of  1,600  feet  center  to  center  of  main 
piers  and  the  distance  of  1,650  feet  centers  of  bearings 
for  the  main  arch  span  are  observed.  Similarly  the  length 
of  Shore  arms  of  cantilevers  and  approach  spans  may  be 
varied,  but  the  total  overall  length  of  Bridge,  viz.,  3,810 
feet  for  the  Cantilever  Bridge,  or  3,770  for  the  Arch  Bridge, 
must  be  tendered  for.  Tenderers  must  submit  their  reasons 
for  any  variations  proposed,  and  all  work  so  varied  must 
be  equal  in  quality  to  that  shown  on  Plans  and  specified. 
"The  make-up  of  the  various  members  and  the  details 
of  construction  are  left  to  the  judgment  of  Tenderer,  but 
these  must  conform  in  every  respect  with  the  requirements 
of  this  Specification.  All  material  must  be  of  the  class, 
quality,  and  strength  specified.  All  workmanship  both  in 
superstructure  and  substructure  must  be  the  very  best  in 
accordance  with  the  latest  modern  practice,  and  the  Bridge 
and  every  part  thereof  must  be  capable  of  carrying  the  loads 
specified,  based  on  the  units  tresses  set  out  in  Specification." 

The  deck  was  to  provide  for  four  railway  tracks  loaded  by 
coupled  electric  locomotives  weighing  180  tons  followed  by  a  train 
load  of  2,200  pounds  per  foot  on  each  track.  A  paved  roadway  57 
ft.  wide  between  curbs  and  two  10-ft.  foot  walks.  The  main  system 
was  to  provide  for  a  live  load  of  12,000  pounds  per  lineal  foot.  The 
deck  system  of  the  roadway  and  sidewalks  to  provide  for  100  pounds 
per  square  foot  of  loading  and  the  beams,  joists,  etc.,  to  be  de- 
signed for  a  motor  lorry  having  a  wheel  base  of  \2}/^  ft.,  width  of 
8  ft.,  weight  on  the  forward  axle  9  tons,  rear  axle  18  tons.  Impact 
50  percent  for  railway  stringers,  for  floor  beams,  railway  loading 
40  percent;  roadway  loading  20  percent;  other  members  of  the 
deck  system  25  percent;  impact  for  members  of  the  main  system 
carrying  two  panels  25  percent  and  inner  girders  of  approach  spans 
15  percent;  all  other  members  10  percent. 

Tensile  and  compressive  stresses  on  different  grades  of  metal 
were  specified  as  follows: 
"Tension  on  Net  Section  lb.  per  sq.  inch 

Eyebars,  carbon  steel 20,000 

Eyebars,  carbon  steel,  heat  treated 45,000 

Riveted  members,  carbon  steel 18,000 

Riveted  rliembers,  silicon  steel 23,500 
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Compression  on  Gross  Section 

MeinlxTs  with  1  r  under  50,  carbon  steel ..  14,000 
Members  with  1  r  50  and  over,  carbon  8t<*el.  18,000-80  1/r 
MemlH'rs  with  1  r  under  50,  silicon  steel.    17,500 
Members  with  1/r  50  and  over,  silicon  steel  22,500-100  1  V 

"If  alloy  steel,  either  nickel  steel  or  chr')me  nickel  steel 
IB  used,  the  primary  unit  stresses  Kiven  above  for  carbon 
steel  may  be  increa»e<i  45  percent  for  the  tensile  stresses, 
and  40  percent  for  the  compressive  bearing,  bending  and 
shearing  stresses. 

"If  alloy  steel,  chrome  nickel  molyMenum  steel  is  used, 
having  the  chemical  composition  and  conforming  with  the 
physical  tests  specified  in  Clause  96  (a)  the  unit  tensile 
stresses  for  carbon  steel  may  be  increasecl  75  percent,  and 
the  unit  compressive  stresses  for  carbon  steel  may  he  in- 
creased 60  percent,  subject  to  the  Tenderer  satisfying  the 
Chief  Engineer  that  the  physical  tests  specifie<l  for  chrome 
nickel  molybdenum  steel,  can  be  obtained  from  specimens 
taken  from  material  a.s  rolled  into  plates  and  shapes. 

"When  secondary  stresses  are  included  in  any  combina- 
tion of  stresses,  as  stated  in  Clause  136,  paragraph  3,  the 
primary  strrases  specified  above  may  be  increased  30  per- 
cent." 
Various  arch  cantilever  arch  and  brace<l  suspension  types  were 
submitted.     The  weight  or  tonnage  of  each  design  was  greater 
or  less  dependent  on  the  grade  of  metal  figured  upon,  whether  car- 
bon steel,  silicon  steel  or  nickel  steel. 

3.  The  K-Truss  Cantilever  Design  submitted  by  Sir  William 
Arrol  &  Company  had  an  estimated  weight  of  57,650  long  tons 
while  a  •cantilever  design  using  similar  K-bracking  by  the  Cana- 
dian Bridge  Company  was  tabulated  as  38,060  tons.  The  working 
stresses  adopted  for  the  K-«y8tem  by  Arrol  &  Company  were  those 
allowed  under  the  specification  of  nickel  steel  while  the  Canadian 
Bridge  Company  tenderetl  on  heat  treated  carlx)n  steel  bars  with 
working  stresses  of  45,000  pounds  per  square  inch  for  the  tension 
memlK«rs  and  otherwis<'  used  silicon  steel  largely  in  the  main  S)r8- 
tem  and  the  suspended  part  of  the  main  span.  In  the  design  of 
William  Arrol  k  Company  all  tension  meml)era  were  figured  for  a 
working  stress  of  approximately  26,100  pounds  per  .square  inch 
against  a  45,000  pound  working  stress  in  the  eye  bar  tension  mem- 
bers of  the  Canadian  design,  a  difference  which  would  roughly  ac- 
count for  the  thrw-tenths  reduction  in  the  weight  td  redutv  the 
two  designs  to  a  like  basis  the  balanc(>  to  Ih»  accounted  for  by  shorter 
cantilever  and  shore  arms  of  the  Canadian  dt^sign  with  it«  longer 
central  span  and  difference  in  mnke-up  of  the  floor  system. 
•See  page  17. 
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A  three-hinged  arch  submitted  by  Arrol  &  Company  follow- 
ing closely  the  outhne  of  the  accepted  design,  figured  on  the  basis  of 
nickel  steel  stresses,  had  an  estimated  tonnage  of  40,230  tons  or  70 
percent  of  the  total  tonnage  of  the  cantilever  design  using  the  same 
grade  of  steel. 

Now  in  the  make-up  of  the  design  the  comparison  as  far  as  steel 
weights  are  concerned  should  be  on  the  basis  of  the  arch  span  plus 
as  much  of  the  approach  as  would  correspond  with  shore  arm  of  the 
cantilever  and  on  such  a  basis  from  Arrol  &  Company's  figures  we 
find  the  arch  weight  two-thirds  as  great  as  the  cantilever  weight. 

4.  Relative  Stiffness  of  the  Cantilever  Designs  of  the 
K-System  by  the  William  Arrol  Company  and  the  Canadian 
Bridge  Company  may  be  approximated  directly  from  the  diver- 
gence in  working  stresses.  Since  the  tension  members  of  the  Arrol 
design  were  figured  for  a  net  working  stress  of  26,000,  those  of  the 
Canadian  Bridge  for  45,000  and  because  the  gross  section  would  be 
greater  than  the  net  in  the  riveted  section  the  deflection  o  f  at  least 
fifty  percent  greater  with  the  Canadian  design  than  with  the  Arrol 
design  of  K-sj^stem  cantilever  frame  should  be  expected. 

The  Government  report  states  that  the  computed  deflection  due 
to  live  load  was  25  inches  for  the  Canadian  design  and  16}^  inches 
for  the  Arrol  design  against  a  live  load  deflection  of  6/^  inches  for 
the  three-hinged  arch. 

5.  The  Relative  Weights  of  the  Arch  and  Cantilever 
Arch  Designs  of  the  successful  competitors,  Dorman  Long  & 
Company,  are  tabulated  at  substantially  50,000  English  tons  for 
the  arch  design  against  56,800  for  the  cantilever  arch,  or  roughly  the 
weight  of  the  arch  is  85  percent  of  the  cantilever  arch  comparing 
the  weight  of  metal  in  the  approach  length  from  out  to  out  of  the 
cantilever  arch  and  including  with  the  arch  sufficient  approach  span 
metal  to  cover  the  same  total  length.  As  these  two  designs  for  the 
same  grade  of  metal  were  figured  by  the  same  firm  the  comparison 
is  more  direct  than  that  afforded  by  the  other  designs.  Their  canti- 
lever design  weighed  65,400  tons  against  56,800  for  their  cantilever 
arch. 

6.  Rigidity  and  Distortion  are  treated  by  Chief  Engineer 
J.  J.  C.  Bradfield  in  his  official  report,  as  follows: 

"All  structures  under  the  action  of  the  rolling  load 
deform  as  the  load  passes  from  one  end  of  the  bridge  to  the 
other.  The  relative  amount  of  deflection  under  live  load 
at  the  center  of  the  span  is  a  criterion  of  the  rigidity  of  the 
structure,  and  its  suitability  for  the  heavy  railway  traffic. 
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Dealing  first  with  bridges  of  the  suspension  type,  the  de- 
flection under  live  load  of  the  braced  chain  suspension 
britlf?**  desij^ned  by  Mr.  Clustav  Lindenthal  is  3  feet  3.6 
inches  at  mid-span,  the  deflection  of  the  stiff'ened  eyel)ar 
8Us[)ension  bridge  submitted  by  the  Cana<lian  Hridge 
Com|)any  is  2  feet  9.58  inches  at  the  cbnter,  and  of  the 
English  Electric  Company  1  f(H)t  3.4  inches,  my  check 
figure  on  which  gave  1  foot  6  inches,  this  8Uspen.sion 
bridge  l)eing  a  n'mMrkrd)ly  rigid  structure." 

"The  deflectiuii  of  the  cantilever  bridge  siihinittc*!  l)y  • 
the  Canadian  Hridgc  Company  under  live  load  is  2  feet  1 
inch.  This  is  due  to  heat-treated  eyebars  being  used  large- 
ly in  its  design.  The  cantilever  bridges  submitted  by  the 
firms  of  Messrs.  Dorman  Ix)ng  &  Co.,  and  Sir  Wm.  Arrol 
&  Co.,  fabricated  wholly  of  built-up  plates  and  shapes, 
are  much  more  rigid  under  full  live  load;  in  the  former, 
the  deflection  would  be  11.36  inches,  whilst  Sir  Wm. 
Arrol  &  Co's  cantilever  bridge,  built  of  special  carbon  steel 
plates  and  shapes,  would  have  a  deflection  of  12.04  inches 
at  center  of  the  suspt'nded  span.  The  calculations  for  the 
official  cantilever  bridge  using  built-up  members  and  eye- 
bars  gave  a  cahulafcd  center  deflection  of  1  foot  1-1/4 
inches. 

"The  archt\|M(ii  luidge  is  the  more  linid;  \\u-  (hicr- 
hinged  arch  bridge  .^^ubmitted  by  Sir  Wm.  .Anol  tVc  Co. 
has  a  calculated  deflection  of  6.75  inches  at  the  center, 
whilst  the  two-hinged  official  arch  bridge  tendered  for  by 
Messrs.  Dorman  Long  &  Co,  has  a  deflection  of  3.55 
inches  at  the  center  under  full  live  load.  This  tender  pro- 
vides for  silicon  and  carbon  steel  built-up  memlH^rs 
throughout.  My  calculations  made  for  a  three-hinged  arch 
bridge  under  full  live  load  gave  a  center  deflection  of  7 
inches,  and  for  the  two-hinged  arch,  the  official  design  as 
submitted  for  tenders,  4  inches  under  full  live  lorui. 

"It  will  thus  Im»  .seen  that  a  two-hinged  aidi  lunl^c  is 
more  rigid  than  any  of  the  other  tyjKvs,  be  it  cantilever, 
sus[M>nsion,  or  three-hinged  arch.  The  two-hinged  arch 
has  only  one-(juarter  the  live  load  deflection  that  the  most 
rigid  susfH-nsion  bridge  yet  designed  has.  one-third  the 
deflection  of  a  rigid  cantilever  bridge  built  up  of  plates 
and  shap<Hl,  and  *5()  jht  cent  of  the  defli'cfioti  of  a  three- 
hinged  arch  bridge." 

Distortion  Under  V nsymmetricxil  Live  Load 

"Inseparable  from  the  question  of  rigidity  is  the 
questicm  of  distortion  of  the  structure  under  an  unsymmet- 
rical  live  load.  The  symmetrical  arrangement  of  the 
railway  tracks  on  the  bridge  is  a  conspicuous  feature  of  the 
layout  of  the  structure  »s  a  whole,  and  its  effect  is  to  con- 
fine the  forces  <liif  t<.  li\.  I(»ad  on  one  side  of  iIh-  luidge 
*Note  di.Hcussioii  following. 


100  Un SYMMETRICAL    LoADlNG 

entirely  to  one  truss,  so  that  when  the  two  tracks  on  one 
side  are  simultaneously  loaded,  one  truss  sustains  max- 
imum distortion  and  the  other  is  unaffected.  In  a  suspen- 
sion bridge  the  deflections  produced  are  of  considerable 
magnitude  and  give  rise  to  serious  problems  in  the  design 
of  the  lateral  and  transverse  bracing.  In  a  cantilever 
bridge  and  the  very  rigid  suspension  bridge  submitted  by 
the  English  Electric  Company  the  deflections  are  much 
less  than  in  a  suspension  bridge  of  ordinary  type;  but, 
nevertheless,  there  is  sufficient  distortion  produced  to 
render  the  use  of  lateral  bracing  on  the  main  trusses  im- 
possible, and  in  a  cantilever  bridge  to  set  up  heavy  twisting 
and  shearing  on  the  rigid  sway  frames,  with  consequent 
large  secondary  stresses. 

"The  same  causes  produce  the  effect  of  torsion  on  the 
suspended  span  of  a  cantilever  bridge,  when  diagonally 
opposite  portions  of  the  channel  span  are  loaded,  causing 
the  two  corresponding  supports  of  the  suspended  span  to 
fall.  The  result  is  a  twisting  effect  on  the  suspended  span, 
which  renders  the  use  of  the  top  lateral  bracing  on  the 
span  doubtful,  and  if  the  deflections  are  heavy,  impossible. 
Consequently,  also,  sway  frames  of  the  suspended  span  are 
subject  to  heavy  bending  stresses. 

"In  the  case  of  an  arch  bridge,  the  tendency  of  one  truss 
to  distort  under  unsymmetrical  loading  can  be  restrained 
by  means  of  lateral  bracing  of  the  same  type  as  that  re- 
quired to  resist  lateral  wind  force,  the  relative  distortion 
is  reduced  to  a  relatively  small  amount,  and  produces  no 
special  difficulty  in  the  design  of  bracing,  with  very  small 
secondary  stresses  in  the  main  trusses." 

'Tt  is  not  an  unlikely  condition  that  the  two  railway 
tracks  on  one  side  of  the  bridge  will  be  loaded  simulta- 
neously whilst  the  tracks  on  the  other  side  are  unloaded. 
The  deck  of  the  bridge  would  than  have  a  lateral  cross- 
fall  under  live  load,  governed  in  magnitude  by  the  de- 
flections of  the  various  bridges  under  consideration,  which 
could  be  immediately  reversed  in  direction  if  the  other  pair 
of  tracks  were  loaded.  This  tendency  to  see-saw  under 
the  action  of  the  railway  trains  would  produce  a  racking 
and  straining  of  the  rigid  connections  of  the  deck,  which  is 
more  pronounced  the  less  rigid  the  structure  is.  This  see- 
sawing would  be  greater  with  a  suspension  bridge  than  with 
a  cantilever  bridge  built  up  of  plates  and  shapes,  whilst 
with  the  arch  bridge  the  deflection  is  so  small  that  this 
tendency  to  dance  would  not  be  noticeable. 

"The  two-hinged  arch  bridge  is  least  affected  by  un- 
symmetrical loading,  i.  e.,  when  one  truss  takes  the  full 
railway  load  and  the  other  is  unloaded.  It  is,  therefore, 
to  be  preferred  to  either  the  cantilever  or  the  suspension 
bridge." 


S(>Me  DesicNS  rot  the  Syoncy  Bkiogk 
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7.  Approaches:  The  North  approach  of  the  bridge  w^as  on  a 
curve,  and  for  that  reason  the  arch  design  which  does  not  inter- 
fere with  the  easy  curve  was  much  to  be  preferred. 

"With  all  the  suspension  and  cantilever  bridges,  the 
best  curve  which  can  be  obtained  on  the  bridge  is  500  feet 
in  radius.  With  an  arch  bridge  a  curve  of  1,200  feet 
radius  can  be  obtained,  the  reason  being  that  the  canti- 
lever and  suspension  bridges  have  straight  shore  spans  and 
the  railway  cannot  begin  to  curve  away  from  the  line  of  the 
end  spans  until  it  passes  the  ends  of  the  anchor  arms  or 
the  anchorage  of  the  suspension  bridge,  a  distance  of 
approximately  500  feet.  With  the  arch  bridge  the  railway 
can  begin  to  curve  away  at  a  point  500  feet  nearer  the 
water.  A  saving  in  maintenance  and  running  costs  over- 
either  the  cantilever  or  suspension  type  with  a  greater 
running  speed  can  thus  be  attained  with  the  arch  type  of 
structure." 

8.  The  Breadth  of  Specification  under  which  tenders  were 
invited  appears  from  the  preceding  quotations  and  clauses  8  and  9 
governing  the  choice  of  steel  and  details  of  construction. 

"The  cantilevers,  girders  of  suspended  span,  arches, 
cross  girders  of  main  bridge,  and  girders  of  approach  spans 
may  be  constructed  wholly  of  carbon  steel  or  silicon 
steel,  or  wholly  of  alloy  steel,  or  partly  of  carbon  steel  or 
silicon  steel  and  partly  of  alloy  steel.  The  proportion  of 
alloy  steel  to  carbon  steel  is  to  be  determined  by  Tenderer." 

"The  details  of  construction  of  superstructure  are  left 
to  Tenderers.  The  Bridge  may  be  constructed  wholly  of 
built-up  riveted  members,  or  the  tension  members  may  be 
constructed  of  eyebars  and  pins." 

But  the  preference  for  rigid  construction  is  made  evident  under 
Clause  48  which  required  that  the  plans  submitted  must  show  all 
deflections  of  all  parts  of  the  main  bridge  and  approach  spans  under 
maximum  loading  specified.  As  the  writer  interpreted  this  speci- 
fication whereas  the  structural  design  with  high  working  stresses 
for  heat  treated  eyebars  would  be  considered,  so  also  would  the  de- 
flections of  the  structure  under  its  maximum  load  be  duly  consider- 
ed and  compared  with  other  designs  using  lower  working  stresses 
and   presenting  correspondingly  reduced   deflections. 

Every  advantage  was  apparently  given  the  North  American 
tenderers.  The  heat  treated  eyebar  was  allowed  23^2  t'mes  the 
working  stress  of  ordinary  carbon  steel.  Duty  was  modified  in 
favor  of  the  eyebar  because  there  was  no  equipment  in  Australia 
for  its  manufacture.  Yet,  notwithstanding  these  concessions,  the 
unit  prices  of  the  American  bidder  and  the  Canadian  as  well,  were 
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67  to  85  percent  higher  than  the  successful  RngUsh  tender.  Per- 
haps IG  percent  of  this  might  )>e  chargeable  to  freight  and  duty, 
the  balance  to  questions  of  exchange,  excess  profit  and  dependence 
on  unreasonably  high  8ul>-figures  for  the  masonry  work.  Price 
comparison  is  accordingly  of  little  interest.  * 

The  nmst  striking  divergence  is  that  of  the  Belgian  Australi.'in 
bid  of  10,700,(X)0  pounds  in  rough  nunil)ers,  for  a  cantilever  sus- 
pension design  against  4,220,000  pounds  for  tlir  ai  (rj)!.  «i  mk  h  de- 
sign. 

9.  Lack  of  Economy  of  the  Cantilever  Suspension  is  in- 
dicated not  only  by  price  far  out  of  line  but  also  by  comparative 
tonnages.  The  braced  suspension  design  of  the  Canatlian  Bridge 
design  weighed  38,000  tons.  The  cantilever  suspension  Straus 
type  weighed  43,940  tons,  or  over  15  percent  greater  weight  than 
the  braced  suspension  type  differing  little  in  weight  from  the 
stiffened  suspension  of  the  English  Electric  Company  designed  by 
Mr.  Steinman  with  46,100  tons  of  metal  and  much  greater  rigidity. 

10.  Proposed  Erection  Methods  are  of  interest.  T\\v  canti- 
lever di>sign  of  McClintic  Marshall  was  to  l>e  cnctctl  l.y  canti- 
leveringout  following  the  procedure  with  the  Beaver  ]iri<l|:f.  while 
the  design  of  Sir  Wm.  .\rrol  &  Company  would  follow  a  like  method 
to  that  used  for  the  Forth  Bridge.  The  Canadian  Bridge  Company 
would  float  in  the  central  span  and  jack  it  to  position  with  equip- 
ment like  that  used  at  Quebec.  With  the  braced  eyebar  susjHMision 
similar  to  the  design  which  Mr.  Lindenthal  proposed  for  Quelwc  a 
string  of  eyebars  would  be  placed  and  coupled  from  a  light  cable 
suspension;  then  the  chain  proper  built  up  from  that  by  heating  the 
bars  with  steam  instead  of  forcing  them  on  the  pins  by  hydraulic 
jacks  as  was  propositi  lOr  iho  erection  of  the  eyebar  susiMMJsion  of 
the  preliminary  design  for  the  Manhattan  Bridge  afterwards  dis- 
carded in  favor  of  tlie  stilTened  cable  sus]H>nsion  structure. 

Elongating  the  bars  an  amount  equal  to  the  dead  weight  strain 
of  the  chain  might  be  more  advantageously  effected  by  an  electric 
heater  or  pad  to  Im-  applied  to  the  sides  of  the  bars  instead  of  at- 
tempting to  heat  them  by  steam. 

The  report  on  the  tenders  shows  that  the  accepted  arch  design 
is  to  Ik?  cantilevered  out  from  each  side,  restrained  by  back  stays 
made  up  of  48  cables  which  enclose  a  mass  of  Iwd  rock  by  passing 
through  s«»mi-circular  tunnels  driven  120  f(H»t  downwurtl  on  an  in- 
cline on  each  side  an<l  i  ui  \ .  I  n  ross  to  meet  the  tunnel  on  the  other 
side.    Corrugated  plates  cm  vi-d  to  fit  to  the  top  of  the  cross  tunnel 
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backed  by  cement  grout  furnish  the  bearing  for  the  cables.  The 
tunnel  shafts  are  to  be  approximately  10  feet  by  6  feet  by  140  feet 
apart  transversely  of  the  center  line  of  the  bridge.  The  cables  pass- 
ing through  the  tunnel  are  to  be  of  twisted  wire  terminating  above 
the  ground  level  in  U-bolt  sockets  for  connection  to  the  length  of 
the  back  stay  cable  from  the  shackle  at  the  ground  line  to  the  truss 
attachment  above.  The  lengths  of  cables  from  the  ground  to  the 
point  of  attachment  to  the  truss  are  to  be  made  of  parallel  wire 
strands  carried  round  steel  spools  at  each  end  of  each  strand.  Ad- 
justment of  the  lengths  of  back  stay  cable  is  to  be  effected  by  screw- 
ing up  the  shackles  the  condition  of  equality  of  stress  to  be  veri- 
fied by  equal  sag  of  the  different  strands  or  cables. 

Driving  1,600  feet  of  tunnel  through  solid  rock  for  back  stay 
anchorages  and  fitting  the  top  surface  of  the  lower  tunnel  with  heavy 
corrugated  plates  curved  to  match  the  curvature  of  the  tunnel  and 
backed  by  grout  for  bearing  of  the  cable  contrasts  strongly  with 
American  practice  in  erecting  the  Niagara  arch. 
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Ortuttt  hnodt  in  fl^ek 


Stage  3 


II.    The  Frontispiece  Three-Hinged  Arch   Design  is  the 

author's  conception  of  the  most  desirable  typ<*  of  bridge  frame  in 
economic  weight  of  metal,  ease  of  erection  and  rigidity  of  finished 
structure  for  the  conditions  and  span  involved  at  Sydney. 

Number  of  Trusses:  The  great  width  of  the  roadway  cau8e<l  the 
economic  adoption  of  the  four  lines  of  main  trusses  for  the  approach 
span  in  the  official  design.  The  same  reasoning  applies  with  greater 
force  to  the  channel  span  since  by  adopting  four  lines  the  back  stay 
section  may  lie  cut  in  half  by  erecting  and  coupling  up  the  center 
arch  trusses  first  and  then  building  out  the  side  tru8s<»s  support e<l 
by  the  center  arches.  In  this  way  the  creeper  traveler  may  be  re- 
duced to  common  ordinary  proportions,  the  heaviest  meinl)er  to 
handle  is  reduced  to  a  maximum  weight  of  sixty  ton.«<.  (Ireater 
rigidity  under  the  lateral  forces  of  wind  results  from  the  greater  out 
to  out  spacing  and  a  maximum  economy  of  deck  material  is  at- 
tained. 

Channel  Span  Trusses:  Ekronomic  considerations  require  an  ap- 
proximately symmetrical  dis()osition  of  the  metal  for  the  ribs  alwiut 
the  mean  pressure  curve,  which  is  substantially  panilM)lic  in  form. 
A  circular  curve  for  the  outline  of  top  rib  was  adopted  with  a  crown 
alx)ut  twenty  feet  alwve  the  ajjex  of  this  paralH)la.  The  main  rilw 
at  the  quarter  points  are  spread  vertically  95  fe<»t  to  resist  canti- 
lever erection  stresses  without  overstrain  or  provision  of  excc»ss  nm- 
terial. 
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The  arch  is  designed  to  combine  the  desirable  characteristics 
of  the  three  hinged  arch  with  the  rigidity  of  the  two  hinged  type  by 
the  introduction  of  a  friction  joint  at  the  crown  twenty  feet  above 
the  center  pin,  made  up  of  interlocking  steel  and  bronze  plates, 
clamped  by  the  weight  brought  upon  them  by  the  hanger  cables 
they  support.  When  carrying  the  dead  weight  of  the  floor  only, 
temperature  change  can  produce  at  most  a  horizontal  pull  or  thrust 
of  fifty  tons  when  the  joint  slips  and  temperature  stresses  are  re- 
lieved. On  the  other  hand  under  live  load  the  increased  stress  on 
the  cables  locks  the  friction  joint  so  securely  that  the  truss  then  acts 
as  a  two  hinged  arch,  thereby  effecting  a  reduction  in  the  maximum 
stresses  of  the  arch  ring.  The  truss  thus  obviates  the  vibration 
under  live  load  of  the  three  hinged  arch  without  sacrificing  its  cer- 
tainty and  ease  of  analysis.  It  obviates  the  high  temperature 
stresses  of  the  two  hinged  type  and  the  laborious  and  less  certain 
computation  thereof  while  securing  its  rigidity  and  economic  ad- 
vantage  in   supporting   live   loads. 

Distribution  of  Load  on  the  Main  System:  Dead  load  and  wind 
load  will  be  resisted  by  the  trusses  as  an  indeterminate  system  in  ac- 
cordance with  the  principle  of  rigidities.  That  is,  the  rigid  sway 
system  will  tend  to  distribute  dead  and  live  load  with  approximate 
equality  between  the  trusses  under  the  condition  of  no  lateral 
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wind.  When  the  outside  tniases  are  strained  by  the  wind  load  their 
vertical  rigidity  will  be  roduce<I  l>eIow  that  of  the  inner  trusses 
and  the  latter  will  then  under  wind  carrj'  more  of  the  dead  and  live 
load  than  th«-  out.  r  trusses  which  oppose  three  times  as  much  re- 
sistance as  chord  iiiendx'rs  to  the  wind  load^taud  aceordinidy  five 
percent  less  than  :i  quarter  of  the  dead  load  is  figured  on  the  out- 
side trusses  uiidei  wind  and  a  similar  amount  more  than  a  quarter 
on  the  inner  trusses  which  arc  but  Uttle  strained  under  wind  load. 

Main  Trusses  of  Approtieh  are  four  in  numl)er  but  spaced  so  that 
each  carri<»  the  same  load,  thus  securing  uniformity  of  details. 
T)i'V  are  figured  for  5.000  pounds  live  load  per  foot  with  twenty 
I><  leent  impact — a  somewhat  heavier  live  load  than  s|x*cified.  The 
consideration  of  utilizing  floor  material  in  erection  influenced  the 
arrangement  of  parts.  The  single  system  Warren  type  ha.s  top 
chords  functioning  as  longitudinal  girders  carrying  the  floor  from 
panel  point  to  panel  point.  The  excess  section  thus  required  to 
function  as  a  floor  girder  is  utilized  as  an  erection  or  toggle  strut 
in  the  erection  of  the  channel  span  and  the  rolled  joists  are  utilized 
in  the  same  niainK  r  a.s  those  of  the  channel  span  when  i((|uiieil. 

Rigid  connection  of  the  buckle  plate  and  brace  angles  to  the 
joist  and  main  trasses  imparts  to  the  deck  enormous  lateral  rigidity 
and  stiffness.  1  aciv  part  of  the  floor  system  functions  as  an  ele- 
ment in  a  combination  lateral  truj<s  or  girder  in  addition  to  carrying 
its  vertical  loading  .so  that  wind  and  centrifugal  stress  in  the  truss 
chords  is  almost  negligible. 

Floor  Construction:  To  utilize  the  deck  material  in  the  dual  man- 
ner jast  proposed,  i.  e.,  for  erection  of  the  main  trusses  in  the  first 
instance  and  as  floor  meml)er8  in  its  final  position,  the  rolle<l  steel 
floor  joist  have  been  run  longitudinally.  Railway  track  stringers 
have  been  made  up  of  twin  rolled  steel  joist  instead  of  riveted  gird- 
ers and  all  joists  are  furnished  in  from  sixty-four  to  sixty-eight 
foot  lengths  fully  spliced  for  making  up  the  back  stay  for  canti- 
lever erection  and  their  final  function  as  deck  joLst.  In  like  manner 
the  dwtriJuitiiin  jfinlit-  an-  run  transversely  instead  of  longitudi- 
nally and  main  girders  longitudinally  instead  of  transversely.  The 
main  girder  sections  of  a  truss  panel  length  an<l  like  the  joist  art* 
spliccil  continuou-!>  iinuj  support  to  support.  This  arrangement 
tends  to  distribute  concentrated  live  loads  u|K)n  the  main  tru.Hs  and 
enables  the  main  girders  to  function  as  wind  chords  of  the  floor 
system. 

By  thw  moiiiflcation  every  inemlM»r  of  the  flcwr  is  made  to  act 
as  an  clement  of  a  combiiiMiinn  tu>ri/ontal  or  win<l  resisting  trus^ 
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from  abutment  to  abutment,  the  buckle  plates  being  rigidly  con- 
nected to  the  main  longitudinal  girders  and  that  they  may  function 
efficiently  they  are  stiffened  by  4  by  3's  transversely  of  the 
roadway  both  on  top  and  on  bottom. 

Tests  recorded  in  Carnegie  Hand  Book  show  that  by  turning 
the  buckle  down  so  that  the  plate  acts  in  tension,  three  times  the 
strength  is  developed  that  is  secured  with  the  buckle  turned  up. 
The  plates  are  accordingly  turned  down,  made  ^6  inches  thick  with 
double  Ts. 

Cable  Suspension  of  the  Floor:  Support  of  the  floor  from  the  main 
arch  trusses  is  effected  by  galvanized  plow  steel  suspension  bridge 
cables.  Minimum  ultimate  strength  of  the  wires  200,000  pounds 
per  square  inch  after  galvanizing,  elongation  not  less  than  four 
percent  in  eight  inches  with  a  maximum  phosphor  content  .04, 
sulphur  .03.  The  ultimate  strength  of  these  cables  shall  not  be  less 
than  283  tons  each  when  tested  in  sockets  similar  to  those  designed 
for  the  service.  Each  longitudinal  girder  will  be  suspended  by 
four  of  these  cables  at  panel  points  with  similar  attachments  above 
to  the  truss  and  below  to  the  floor  beam.  The  selection  of  cables 
in  place  of  structural  suspenders  is  for  the  reason  that  the  cable 
exposes  but  a  negligible  surface  to  wind  and  is  unaffected  by  bend- 
ing stress,  and  because  of  its  flexibility  it  transmits  no  secondary 
stresses  to  the  supporting  truss,  thus  permitting  the  floor  and  the 
truss  to  function  independently  in  resisting  the  lateral  force  of  wind. 

Safe  Erection:  Depends  on  the  details  of  the  supporting  frame 
and  its  adjustment  in  building  out  the  main  trusses.  The  first 
step  or  stage  in  erection  outlined  in  erection  sheet  El,  the  building 
out  of  the  skew  back  sections  of  the  main  arch  which  are  intended 
to  be  supported  on  reinforced  concrete  columns  with  adjustable 
wedge  tops,  the  material  being  raised  by  tackle  from  the  floor  of 
the  pylon.  After  building  out  the  lower  sections  the  lower  back 
stay  girders  will  be  placed  in  position  and  connected  to  the  back 
stay  anchorage  buried  in  reinforced  concrete  pylon  top  designed  to 
take  a  pull  of  five  million  pounds.  The  adjustment  of  these  back 
stay  members  is  to  be  made  by  horizontal  screw  wedges  operated 
by  fifty  horse  power  motor  through  Ewart  Link  Belt  Chains  and 
sprockets.  This  method  of  driving  permits  the  screw  which  operates 
the  opposing  wedges  to  move  longitudinally  of  the  bridge  without 
interfering  with  the  transmission  means.  The  back  stay  girders 
D2  straddle,  instead  of  cutting  through  the  main  ribs  and  are  at- 
tached thereto  by  ten  inch  pins.  The  panel  points  of  the  main 
truss  are  arranged  so  that  these  pins  come  at  a  panel  intersection. 


Ebrction  Methods 


109 


Erection  Method 


Adiuftment  Lower  BmIc  Stay 


no 


Back  Stays 


ttar;-.. 


Upper  Back  Stay  Anchorage 

E-2  and  E-3  shows  the  general  scheme  of  erection  in  which  the 
utiHzation  of  rolled  steel  joists  with  back  stay  ties  is  illustrated  and 
the  use  of  an  approach  truss  as  a  pitman  for  the  erection  toggle  is 
also  outlined, 

E-4  shows  the  wedge  adjustment  of  the  lower  back  stay  and 
the  thorough  anchorage  of  that  back  stay  in  the  mass  of  the  pylon. 

E-3  shows  the  detail  of  the  sections  of  the  back  stay  and  the 
anchorage  of  the  upper  back  stay  down  into  the  ledge  under  the 
second  pier  of  the  approach  from  the  pylon  both  North  and  South. 

In  order  to  reduce  the  bending  moment  on  the  pins,  subwebs  are 
introduced  between  the  girders  D-2  so  that  the  bearing  on  the 
pin  connecting  the  back  stay  is  provided  on  both  sides  of  the  main 
web  of  the  truss  chords  thus  permitting  the  entire  pull  of  five 
million  pounds  to  be  taken  up  without  severe  bending  stress  on  the 
pins  at  these  joints. 

After  building  out  beyond  joint  C-1  the  top  back  stay  is  to  be 
connected  by  the  rear  booms  of  the  creeper  traveler.  The  top  back 
stay  is  made  up  as  before  noted  of  the  floor  joists  trussed  by  the 
track  guard  angles  as  shown  in  erection  sheets  2  and  3.  These  back 
stays  are  pin  connected  at  about  135  foot  intervals  so  that  they 
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may  accommodate  themselves  with  negligible  secondary  stress  to  the 
shift  of  the  toggle  as  the  pitman  truss  is  moved  in  or  slacked  away 
by  the  screws  attached  to  the  roller  shoe  at  the  lower  end  of  the 
pitman  which  is  operated  by  a  fifty  horse  power  electric  motor  of 
standard  type  through  worm  gear  wheels  having  a  diameter  of 
forty-four  inches. 

The  relative  safety  of  erection  operation  depends  partly  on 
whether  the  weights  to  be  handled  are  usual  or  customary,  or  un- 
usual involving  untried  equipment. 

The  modification  of  the  floor  arrangement  renders  the  heaviest 
member  to  handle  fifty  feet  in  length  by  eighteen  tons  in  weight. 
The  arrangement  of  four  trusses  in  place  of  two  reduces  the  thrust 
for  the  same  load  by  half  while  the  arrangement  of  the  two  ribs  of 
the  truss  at  the  skew  back  so  that  they  divide  the  thrust  between 
them  renders  the  rib  member  per  panel  length  less  than  one-fourth 
the  weight  of  that  involved  were  there  two  trusses  with  but  a  single 
rib  at  the  skew  back. 

The  weights  to  be  handled  are  thus  reduced  to  ordinary  amounts. 
The  span  of  the  traveler  is  reduced  to  but  little  over  sixty  feet  (an 
ordinary  span)  and  the  erection  equipment  needed  is  not  much 
heavier  than  that  required  for  ordinary  work. 

In  the  adjusting  mechanism  simple  slow  motioned  screw  and 
wedge  mechanisms  motor  driven  are  depended  on  throughout  as 
will  appear  from  the  detail  drawings  submitted.  Complication, 
uncertainty  and  risk  are  thus  eliminated.  The  idea  is  to  render 
the  great  task  of  erection  an  aggregation  of  operations,  none  of 
which  embody  more  than  commonplace  procedure  and  require 
nothing  more  than  ordinary  tackle. 

Computation  of  Arch  Trusses  follow  the  graphic  method  which 
possesses  the  advantage  of  self  checking  if  executed  with  sufficient 
care  so  that  the  diagram  closes  the  crown  thrust  having  been  cor- 
rectly determined  by  moments.  The  diagrams  are  carried  out  on  a 
convenient  unit  panel  load  basis  so  that  any  modification  of  the  com- 
puted dead  weight  requires  merely  a  change  in  the  multiplier  and 
not  a  new  diagram.  The  dead  and  live  loads  are  treated  as  though 
both  are  concentrated  at  the  points  of  live  load  application  for  sim- 
plicity. This  is  justified  because  the  maximum  stress  in  the  verti- 
cal web  members  occurs  in  erection  and  these  members  alone  are 
affected  by  this  deviation.  The  procedure  is  as  follows:  Disregard 
the  clamp  first  and  treat  the  frame  as  though  it  were  an  ordinary 
three  hinged  arch  loaded  on  the  right  half  of  the  span  and  then  on 


Friction  Joint 


113 


the  left  half.  For  unifcirin  load  sum  the  Htresses  so  obtained  for 
preliminary  computation  and  multiply  by  the  coeffieient  ratio,  an<i 
then  combine  the  dead  lf»ad  stresses  with  the  live  load  eflfects  for 
the  haif  span  loads. 

Effect  of  the  Fridttni  Jumt  i>  aiial/rti  i»y  a  unit  force  diaf^ram 
for  cither  pull  or  thrust  at  the  friction  joint,  the  same  diagram  an- 
swerinj?  for  both,  the  signs  of  the  stress<\s  l)einK  changed.  Treat 
the  coefficient  of  friction  of  the  bronze  an<l  steel  as  15  percent  of 
the  load  and  compiite  the  resulting  effect  for  dead  and  live  load 
and  combine  with  the  foregoing  stresses.  The  advantage  of  this 
invention  is  that  the  amount  of  friction  developed  is  under  the  de- 
signer's control.  By  increasing  or  decreasing  the  numlx^r  of  fric- 
tion surfaces  the  tem|)eniture  stresses  under  dead  load  may  be 
rendered  negligible  an<l  full  advantage  taken  of  the  greater  clamp- 
ing effect  of  live  load  to  secure  the  rigidity  and  economic  character- 
istics of  the  two  hinged  type  while  avoiding  the  hi^li  temperature 
strains  incident  thereto. 

The  ty|x?  of  friction  joint  intended  to  prcvmi  any  vibration 
due  to  the  three  liiiimd  nature  of  the  truss,  has  1h  i  n  successfully 
employed  in  five  arch  spans  over  the  St.  Croix  Kivt  r  ;i.")()  i.-ct  center 
to  center,  180  fict  In  mi  the  deck  to  the  river  uiidcr  tlu  heaviest 
railroad  loading,  so  thai  imthing  untried  in  this  expedient  is  here 
proposed,  though  the  makeup  of  the  details  presents  considerable 
novelty. 

The  Determination  of  the  Sectional  Areas  of  Membent  is  simplified 
IxH-ausc  temperature  stresses  are  largely  eliminated  by  the  tleter- 
minate  nature  of  the  three  hinged  arch  under  dead  load  and  the  ar- 
rangement of  the  floor  in  such  wise  that  wind  force  upon  the  floor, 
brake  force,  longitudinal  force,  centrifugal  force  and  temperature 
effects  of  the  fl(M)r  are  tak<'ii  care  of  by  the  floor  itself  and  do  not 
enter  into  the  stress  det(>rmination  of  the  truss  Mirml»er8. 

The  symmetrical  distribution  of  the  metal  about  the  mean 
pressure  curve  (with  web  stre.ss<\s  of  the  small  magnitude  incident 
to  such  a  frame)  renders  the  thirty  fjercent  allowance  for  secondary 
stresses  much  greater  than  necessary  to  cover  them. 

The  greatest  .s<'con<lary  stress  in  the  main  arch  frame  would 
occur  in  the  triangle  next  to  the  center  pin  because  of  the  greater 
divergence  of  tlu'.s<'  memlM>rs  from  the  direction  of  the  mean  pres- 
sure curve  an<l  a  simple  computation  of  this  triangle  will  sulwtan- 
tiate  the  foregoing  siatrtncni. 

Track  duarda:  Inside-  and  outside  track  guards  for  railroad 
bridge  flmirs  of  (Ixiixf*^  inches  are  commonly  us«'d  on  An»erican 
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roads.  The  double  guard  of  this  size  angle  has  the  advantage  that 
it  can  be  used  in  the  makeup  of  false  work,  travelers  and  trussing 
of  the  back  stays  during  erection  and  afterwards  incorporated  in  the 
finished  structure.  While  these  double  guards  would  weigh  and 
cost  more  than  the  single  angle  guard  of  the  official  design,  they  be- 
come economically  less  expensive  when  their  function  during  erec- 
tion is  considered  and  for  that  reason  this  modification  in  the  steel 
guards  is  proposed  on  the  double  ground  of  economy  and  enhanced 
safety  against  derailment.  If  the  practice  of  Messrs.  Fowler  and 
Baker  on  the  Forth  Bridge  were  followed  the  guard  angles  might  be 
turned  the  other  way  around  so  that  in  case  of  derailment  the  wheel 
would  roll  along  the  angle  flange  without  bumping  and  could  be 
brought  back  by  derailing  blocks  at  the  end  of  the  span.  This 
modification  if  desired  would  involve  additional  track  bolts  only 
and  would  leave  the  angle  backed  up  by  the  planking. 

Compression  Members:  Compression  members  are  more  seriously 
weakened  by  secondary  stresses  than  are  tension  members.  The 
theory  of  secondary  stress  assumes  that  there  is  no  torsion  on  the 
member,  whereas  the  failure  of  the  riveted  compression  member  is 
almost  invariably  caused  by  twisting  out  of  line.  The  ordinary 
column  formula  disregards  this  dangerous  kind  of  deformation  or 
secondary  effect  of  the  primary  stress. 

As  a  solid  cylindrical  prism  is  twisted,  the  length  of  the  prism 
is  increased  by  the  torsion  through  an  area  seven  tenths  of  the  diam- 
eter of  the  prism  or  cylinder.  Hence,  a  solid  cylindrical  column 
fails  by  pure  flexure  and  crushing  only.  Torsion  does  not  enter  in- 
to its  collapse,  since  it  cannot  shorten  by  torsion  or  twist  out  from 
under  its  load.  On  the  other  hand,  the  hollow  built  up  section,  non- 
circular  in  form,  tends  to  twist  out  from  under  its  load  or  shorten 
by  twisting,  a  phenomenon  noted  in  many  tests  by  the  Bureau  of 
Standards  at  Washington,  D.  C,  of  full  size  compression  members 
such  as  Z-bar  sections,  channel  and  plate  sections,  and  the  like. 

In  his  final  design  the  author  worked  out  *octagon  sections  of 
the  special  form  illustrated  in  his  typical  770  foot  double  track  span, 
thus  avoiding  lacing  and  simplifying  details.  The  eight  angle  sec- 
tion for  the  web  members  adopted  in  the  web  of  the  770  foot  simple 
span  had  not  then  been  devised. 

With  such  makeup  the  metal  for  the  main  trusses  could  have 

been  rolled  in  Australia  except  wide  connection  plates.    The  weight 

*This  design  was  completed  too  late  for  a  formal  bid — weight  40,000  tons 
including  erection  anchors,  carbon  steel  floor  system  and  silicon  steel  in 
trusses. 
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inchnlinK  eroctioti  anchora  ami  motal  was  under  40.()00  tons,  car- 
Inin  stcvl  only  Immhh  figiirrcl  on  for  the  floor  system  and  silicon  steel 
for  the  main  trusMs. 

12.  The  Engineer's  Award  was  Warranted  and  Fully 
Justified  from  the  Business  Standpoint f  A  modest  advantage 
of  a  Ihinl  in  wei^jht  of  tniss<*s  wiih  min-h  Krf»t<'»"  lateral  riftidity 
and  subfitantially  the  same  vertical  rigidity  and  eas<'  of  erection 
could  not  offs<'t  unit  prices  eighty  five  [M-icriit  nn:it»i  fliari  those  of 
the  successful  tendn. 

Conditions,  such  as  tariff,  variation  in  exchange,  convenient  or 
advantageous  shop  location,  divergent  judgment  a.s  t«)  lalnir  condi- 
tions and  costs  are  foreign  to  the  engincH>ring  problem  of  economic 
design  which  must  nee<ls  Ik?  limited  to  the  quantity  of  material  of  a 
given  grade  and  kind  of  work  that  may  l)e  required  and  the  results 
obtained  with  it  in  pt)int  of  load  carrying  capacity  and  rigidity. 

13.  Comparison  of  the  Vertical  Rigidity  of  the  Two 
Hinged  and  the  Three  Hinged  Arch  in  the  report  is  somewhat 
ambiguous  in  that  it  fails  to  difTcrentiate  In'tween  the  type  ami  the 
effect  of  specific  «l«  i:iil>.  In  the  thre<'  hinged  arch  as  designed  by 
the  Arrol  Company  the  pin  was  place<l  in  the  lower  chord  which  was 
parabolic  in  form.  Such  {Misition  does  not  give  the  most  advantage- 
ous rise  within  the  height  of  the  franie.  The  pressure  curve,  be- 
cause it  follows  the  line  of  the  lower  lMM)m  is  not  oppose<l  under  uni- 
form load  propoitioiudly  by  the  metal  of  l)oth  lK)oms  with  the  result 
that  the  deflection  with  this  type  of  such  a  three  hinged  arch  will  be 
much  greater  than  one  with  the  pin  more  scientifically  placed.  In 
addition,  the  higher  working  stresses  8<'lected  add  alM)Ut  ten  |>erccnt 
to  the  deflection  as  compared  with  the  stres.s<»s  used  for  silicon  steel 
in  the  accepte<l  two  hinged  design.  This  is  true  lH>cau.s«»  the  ukmIuIus 
of  elasticity  remains  substantially  constant  with  the  difl'erent 
grades  of  steel. 

14.  The  Appearance  of  the  Three  Hinged  Arch  (Se<'  frontis- 
piece) quoting  the  re|Kirt, 

"is  not  in  its  favor.  The  outline  of  the  arch  ribs  deepest 
at  the  quarter  |M)ints  though  in  conformity  with  statical 
principles  (Ws  not  add  to  its  ap|H'aran(*f>  and  the  defincHl 
li  half  arch  «I«m*s  not  produce  a  Mitis- 
ition  of  the  transference  of  the*  enor- 
mous ntre?«s  ironi  ihi-  crown  of  the  arch  to  the  abutment  at 
the  Hpringings." 

The  truth  of  the  ohl  wonuin's  explanation  of  the  divergence  in 
taste  is  here  apparent.  TIk-  thrust  must  come  to  the  skew  back. 
WIhiImi  m  ii.iii..  vatiijfaclory  opli«;iI  •  vii'-<nation  Im«  fumisluil  by  a 
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framework  extending  vertically  upward  180  feet  away  from  the 
line  of  action  of  the  pressure  curve  with  framework  which  can  carry 
no  material  portion  of  symmetrical  load  or  the  crescent  shape  ar- 
ranged symmetrically  with  respect  to  the  natural  pressure  curve 
presenting  in  perspective  eight  substantial  ribs  converging  upon  the 
springing  point  instead  of  two  as  shown  in  the  frontispiece  and  the 
cut  of  the  accepted  design  respectively  is  a  question  the  perspec- 
tives should  enable  the  reader  to  decide. 

Contrast  the  statement  that  the  crescent  shape  is  not  in  favor 
of  the  appearance  of  the  three  hinged  arch  though  in  harmony  with 
statical  principles  with  the  characterization  of  the  two  hinged  arch 
as  conforming  to  the  principles  of  truth  for  "beauty  is  truth- and 
truth  is  beauty."  "The  (two  hinged)  arch,  graceful  at  the  crown 
has  depth  where  it  is  wanted  and  the  rib  beautiful  in  its  strength  and 
simplicity  demonstrates  clearly  its  purpose  taking  the  eye  down  to 
the  abutments  on  either  side  without  camouflage  or  interruption." 

This  language  might  well  apply  to  a  crescent  shaped  three  hinged 
or  two  hinged  arch  but  it  is  inapplicable  to  a  two  hinged  arch  frame 
work  180  feet  deep  over  the  pins  where  little  depth  is  needed  for 
moment. 

What  can  be  wrong  with  statical  principles  if  they  depart  from 
the  truth  or  what  is  beautiful  in  the  departure  from  the  truth  if 
they  are  concededly  correct? 

The  protuberant  excresence  of  a  hundred  feet  or  so  from  the 
natural  economic  diagram  for  the  loads  to  be  finally  supported  is 
innocuous  as  an  adjunct  of  the  erection  scheme  when  camouflaged 
as  neatly  as  was  done  in  the  design  of  the  Hell  Gate  arch  by  a  false 
member  apparently  indicating  the  functioning  of  the  haunch  in  part 
as  cantilever  instead  of  following  the  two  hinged  species.  If  we  are  to 
reason  clearly  in  our  analysis  from  the  economic  standpoint  we  must 
go  behind  such  camouflage,  examine  the  additional  material  required 
for  the  excrescent  adjunct  and  compare  it  with  the  tonnage  of  the 
economic  diagram  which  transfersits  load  directly  to  the  support. 

15.  Contrast  of  Two  Great  Bridge  Competitions,  to  wit, 
that  for  the  Quebec  Bridge  and  that  for  the  Sydney  Bridge  is  of  in- 
terest, from  the  divergent  viewpoint  of  the  engineers  in  charge. 

One  of  the  Commission  at  Quebec  considered  that  the  structure 
was  so  gigantic  in  size  that  it  would  be  inherently  ugly  anyway.  Mr. 
Bradfield,  Chief  Engineer  of  the  Sydney  Bridge,  on  the  contrary, 
considered  the  aesthetic  appearance  as  an  important  attribute  of 
the  desirable  structure  and  hence  consciously  or  unconsciously 
worked  toward  economy. 
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In  the  general  consideration  of  the  problem  at  Quebec  the  econo- 
my of  inclined  reactions  was  given  no  consideration.  The  competi- 
tion at  Sydney  avoided  this  short  sighted  practice  with  the  result 
that  they  will  undoubtedly  have  a  structure  three  times  as  stiff 
vertically  and  much  stiffer  laterally  than  that  at  Quebec. 

In  discarding  the  foundations  of  the  old  structure  at  Quebec 
and  building  new  piers  no  consideration  was  given  to  the  possibility 
of  using  both  the  new  and  the  old  uniting  them  in  a  homogeneous 
whole  in  such  wise  that  a  large  reduction  in  cost  could  be  attained. 

The  writer  worked  up  a  design  for  an  1800  foot  cantilever  span 
for  the  Quebec  location  figuring  it  for  the  two  railroad  tracks,  two 
highways  and  electric  lines  proposed  by  the  Board  of  Engineers, 
This  outline  is  illustrated  in  the  accompanying  figure  and  below  it  a 
supplemental  outline  in  which  concrete  arches  are  disposed  sup- 
ported vertically  on  the  old  piers  of  the  ill  fated  cantilever  and  fur- 
nishing an  opposing  thrust  to  an  arch  of  the  type  illustrated  in  the 
frontispiece  designed  to  fit  the  conditions  of  the  Syndey  location. 

Comparing  the  two,  the  weight  of  steel  would  be  27,000  tons 
for  the  arch  design  against  over  double  that  amount  for  the  canti- 
lever.    (See  Engineering  News  1912.) 

The  arch  provides  for  liberal  roadway  for  a  trunk  highway,  op- 
portunity for  electric  tram  lines  if  desired  and  foot  walks  in  addition 
to  the  railway  tracks.  Its  deflection  would  be  less  than  a  third  as 
great  as  that  of  the  cantilever  vertically  and  far  more  rigid  laterally. 
The  erection  problem  would  be  simpler  and  the  total  cost  of  the 
structure  would  approximate  two  thirds  that  of  the  cantilever  de- 
sign with  improved  appearance  accompanying  the  reduction  in 
cost  and  increased  rigidity  and  highway  capacity  now  lacking. 

16.  Antipodal  Opinions  Among  Engineers  Regarding 
Economic  Design  are  indicated  by  the  discussion  of  Paper  No, 
1496  Trans,  Am.  Soc.  C.  E.,  Co.  LVXV  1922.  Quoting  Mr.  D.  B. 
Steinman — 

"In  comparison  with  simple  spans,  the  continuous 
bridge  offers  the  advantage  of  economy  of  material  which 
increases  with  the  length  of  the  span  or  with  the  ratio  of 
dead  load  to  live  load.  It  is  wrong  to  draw  a  general  con- 
clusion against  the  economy  of  continuous  bridges  based 
on  a  comparison  of  small  spans  (as  Bender  did  in  his  book 
Continuous  Bridges,  1876).  It  is  difficult  or  impossible  to 
arrive  at  reliable  conclusions  from  abstract  argument  or 
theoretical  considerations." 

For  purposes  of  comparison,  Mr.  Steinman  states,  he  has  made 


ran*ful  fstiiimtcs  <jf  tht-  wii^hl  of  siiuplc  spans  of  77o  fc't't  buMcd  on 
(Iriail  calculatiuii  of  Mresses  and  sections.    Tlu'  rrsulis  an*: 
Wei|j:ht  of  Trusses  in  Pounds  per  Him n  t-.-.t : 

1  u.ju-H.  Soiotoville  Bridge I  _'  nmi    -   l(K)'; 

775-ft.  Simple  span  (Lindenthars  8|)eoificft*i«  Ml-     1 'i  ;5()()  =  1  !'.>',* 
77')-ft.  Simple  span  (A.  H.  K.  A.  specificarion-       17  (i50  ■»  137'"| 
Total  steelwork,  in  |K)unds  jxt  linrar  loot : 

1  55()-ft.  S.  lotoville  Bridge 17  10()  =  I0()% 

775-ft.  Simple  span  ( Linden t hal's  spccificat ions). 20  300  =  119% 
775-ft.  Simple  span  (A.  R.  E.  A.  specifieations) .  .23  000  «=  134% 
"According  to  comparative  studies  made  by  Winkler, 
the  saving  for  continuous  bridges  of  two,  three,  and  four 
spans  is  16,  19,  and  21%,  respectively,  when  the  span 
is  about  300  feet,  and  20,  24,  and  28%,  respectively,  when 
the  span  length  is  al)out  500  feet." 

As  opposed  to  Mr.  Steinman's  calculations,  the  writer  presents 
his  design  for  two  simple  double  track  spans  weighing  8,600  tons 
against  the  continuous  two  span  structure  covering  the  same  open- 
ing weighing  13,240  tons,  or  apparently  the  continuous  truss  of  two 
spans  is  one  and  one  half  times  as  heavy  as  two  simple  spans;  and 
the  author's  design  of  the  simple  span  is  a  little  iiioic  than  half  as 
heavy  as  Mr.  Steinman's  design  based  on  Mr.  Lindenthal's  speci- 
fication anti  less  than  half  as  heavy  as  Mr.  Steinman's  design  based 
on  the  A.  R.  E.  A.  specifications. 

All  this  is  easily  accounted  for  when  we  con.siiU  r  the  variation 
of  the  strain  area  coefficient  with  divergent  triangulations  repre- 
sented on  page  47. 

Mr.  Lindenthal  points  out  that  the  steel  weight  per  foot  of 
bridge  is  17,100  pounds  as  compared  to  the  weight  of  1 1,200  pounds 
per  linear  foot  of  the  double  track  simple  Ohio  river  span  at  Metrop- 
olis 720  feet  center  to  center.  Here,  however,  he  attributes  the 
light  weight  to  the  use  of  alloy  stwl  eye  bars  instead  of  rivetetl  ten- 
sion memlM'rs  and  the  use  of  higher  unit  stresses. 

In  the  author's  design  he  has  discarded  eye  bars  In^caus**  he 
finds  that  an  <  vc  l>.ir  chord  increasi's  the  weight  in  a  heavy  design 
over  and  abovr  rh.ii  of  the  riveted  chord.  So  here  again  the  opin- 
ions of  engine!  rs  of  over  thirty  years'  experience  are  antipoilal  up<m 
fundamental  (juestions  of  design.  As  in  general  engineering  opinion 
is  harmonious  on  purely  mechanical  questions  and  statical  problems 
of  computation  their  divergence  on  the  c|uestion  of  design  nuist  Ih' 
attributed  tii  the  failure  of  logical  application  of  fundamental 
principlt^  to  the  questions  embodied  in  the  economicsof  the  prob- 
lem the  substantially  corn*ct  solution  of  which  measures  the  value 
of  the  work  of  the  engineer  from  the  commercial  stand|X)int. 
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The  fallacy  of  some  of  the  arguments  leading  to  conclusions  re- 
garding economic  design  is  exposed  in  this  discussion  in  the  state- 
ment 

"If  two  spans  of  simple  girders  with  a  height  of  1/5.5 
show  greater  economy  then  there  is  no  reason  why  greater 
height  could  not  also  be  used  for  the  same  purpose  in  con- 
tinuous girders." 

In  the  derivation  of  minimum  strain  areas  it  is  found  that  the 
depth  ratio  is  determined  by  the  triangulation.  We  cannot  say, 
if  one  truss  is  lighter,  it  is  due  to  greater  depth  than  that  of  another 
because  if  we  increase  the  depth  of  the  other  we  might  increase  its 
weight  instead  of  reducing  it,  again  indicating  the  present  lack  of 
scientific  understanding  of  economic  relations.  -: 

Antipodal  view  points  again  develop  in  respect  to  the  bracing. 
The  merit  of  the  Sciotoville  Bridge  as  viewed  by  Mr.  Steinman  is 
that  the  use  of  ordinary  sway  bracing  of  the  rigid  type  was  avoided 
on  account  of  the  high  stresses  which  such  bracing  would  suffer 
under  one  side  loading  of  the  bridge.  Under  the  extreme  case  of 
one  track  of  one  span  and  the  opposite  track  of  the  other  span  be- 
ing fully  loaded  there  would  be  a  difference  of  two  inches  in  the  mid 
span  deflections  of  the  two  opposite  trusses.  "To  permit  the  un- 
equal deflection  without  rupture  the  usual  sway  frames  of  rigid 
type  were  replaced  by  lattice  frames  combining  strength  with  elas- 
tic sti^nessJ" 

Here  is  the  disadvantage  of  the  continuous  truss  which  by  the 
diagonal  loading  of  opposite  tracks  on  adjacent  spans  produces  such 
large  twisting  tendencies  that  rigid  bracing  cannot  be  employed. 
The  continuity  effect  is  obviously  most  disadvantageous.  No  such 
difficulty  is  experienced  in  the  fixed  span  which  may  be  rigidly 
braced  and  because  of  its  increased  vertical  depth  presents  far 
greater  vertical  rigidity  and  if  the  members  are  given  sufficient 
bulk  or  breadth  and  rigidly  braced  the  divergence  in  the  loading 
of  the  two  tracks  will  cause  but  slight  torsional  displacement  in 
strong  contrast  to  the  known  and  admitted  effect  upon  continuous 
and  cantilever  structures. 

The  Sciotoville  Bridge  is  but  a  two  span  structure.  As  the  rela- 
tive weight  of  the  continuous  truss  is  claimed  to  decrease  as  the 
number  of  spans  increase  up  to  five  or  more,  in  fairness  we  should 
investigate  the  relative  weight  of  a  series  of  contirmous  spans  in 
order  to  present  the  continuous  truss  in  its  most  favorable  light. 

17.  The  Five  Continuous  Spans  of  the  Thebes  Bridge 
Permit  a  Direct  Comparison  with  Simple  Spans:  The 
structure  is  built  on  the  Gerber  principle  of  hinging  alternate  spans 
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ai  ix.ints  of  inflection  and  is  (IoscHIuhI  in  Hnjcineoring  News  of  May 
l'.»u.').  The  steel  weight  is  recorded  a«  12,000  tons,  or  about  5  tons 
IK»r  lineal  foot.  The  length  centers  of  Ix^aring  of  end  span  2750 
feet.  It  consists  of  five  spans,  four  approximately  520  feet  and  a 
central  one  of  070  feet.  It  was  designed  for  5000  pounds  unifonn 
load  per  foot  of  track  with  a  50,000  pound  concentrated  additional 
load.  The  trus.*»es  were  designed  for  80  jx^rcent  or  4000  pounds  per 
foot  for  lM>th  tracks.  The  wind  at  1000  |m)UihIs  {x^r  lineal  fcmt  of 
hridjfc.  I'n'in  thr  writer's  computation  five  -implt-  >i):iiis  all  alikr 
could  nadily  l>c  designed  to  provi<le  for  a  20  fHTcent  heavier  load 
with  less  wcijiht  of  metal  and  with  greatly  increaseil  rigiility. 

Summary :  It  appears  that  the  arch  is  the  most  economic  long 
span  structure  where  the  foun<lations  are  suitable.  The  cantilever 
arch  ranks  next,  then  the  cantilever  and  the  braced  suspension. 
Heat  treate<l  alloy  steel  with  the  present  equipment  is  not  available 
for  fabricated  memljers  of  the  arch  while  it  may  be  utilized  in  eye 
bar  tension  menil>er8  the  braced  suspension  or  inverted  arch  permit- 
ting longer  spans  with  a  narrow  roadway  than  are  poesible  to  con- 
struct with  the  ordinary  arch.  Where  navigation  clearance  is  t<» 
\)C  provided  f<ir  (he  roadway  150  to  170  feet  al)ove  the  skew  back 
the  eflTective  rise  of  the  arch  would  l)e  so  much  gnattr  than  the 
vers<Hl  sign  of  the  inverted  arch  that  the  a<lvantage  of  heat  treate«l 
alloy  steel  would  In-  larjf'lv  off  set  by  the  arch  and  a  sliffcr  struct  un* 
result,  as  was  found  i  >  1  -  ilie  case  in  the  Sydiitv  (ompetition. 
Continuous  truss  spans  are  not  as  economical  as  a  s<  ii»  >  of  simple 
spans  with  arched  top  chords  nor  are  they  as  rigitl.  W  h»re  clear- 
ance requires  shallow  trusses  in  deck  bridge's  continuous  trusses 
with  parallel  chords  may  prove  mor<»  econonucal  than  simple 
truKsrt*.  In  like  manner  a  series  of  continuous  spans  are  advanta- 
geous in  plate  girder  trestles  in  the  stringers  of  the  floor  of  the  truss 
span  and  a  material  economy  and  increase  in  rigidity  may  1)0  se- 
cured by  their  adoption. 


APPENDIX 
GENERAL  SPECIFICATION  FOR  STEEL  RAILROAD  BRIDGES 

By 
C.  A.  P.  TURNER,  C.  E. 

1.  The  structures  shall  be  made  wholly  of  rolled  steel  except  shoes,  bases 
and  machinery  for  draw  spans  which  may  be  of  cast  steel. 

2.  Types  of  Girders:  For  independent  spans  up  to  30  feet  rolled  beams 
in  pairs  with  suitable  separators  may  be  used;  for  25  up  to  100  feet  riveted 
plate  girders;  90  to  120  feet  lattice  girders;  rivet  trusses  for  other  and  longer 
spans.  In  general  thru  double  track  bridges  will  have  but  two  trusses  to 
avoid  spreading  the  tracks.     Single  intersection  trusses  will  be  preferred. 

3.  Clearance,  overhead  shall  be  22  feet  above  the  top  of  rails.  Lateral 
clearance  between  trusses  between  the  heights  of  4  and  16  feet  above  the 
rail  shall  not  be  less  than  16  feet.  The  clearance  rectangle  of  16  feet  by  22 
feet  may  be  reduced  by  cutting  from  the  corners  triangular  areas  for  braces 
such  as  gussets  in  thru  girders  having  a  base  clearance  at  the  top  of  the  rail 
not  less  than  11  feet  and  at  the  top  for  knee  braces  not  less  than  8  feet. 

Additional  clearance  in  inches  of  0.85  D  on  each  side  of  the  center  of 
track  and  1.7D  between  tracks  will  be  required  when  the  structure  is  on  a 
curve,  D  being  the  degree  of  curvature.  This  additional  clearance  is  in- 
tended to  provide  for  a  passenger  coach  80  feet  over  all  with  trucks  57  foot 
centers. 

4.  Spacing  of  Stringers  shall  in  general  be  8  feet,  center  to  center.  Spacing 
of  trusses  shall  be  spread  as  the  span  lengths  are  increased  for  economy  and 
stiffness  in  resisting  lateral  and  overturning  forces.  In  no  case,  however, 
shall  the  spacing  of  the  trusses  center  to  center  be  less  than  one  twenty-fifth 
of  the  span  length. 

5.  For  Determination  of  Dead  Weight  of  the  structure  for  calculating 
strains,  the  timber  shall  be  taken  at  43^  pounds  per  foot  B.  M.,  and  the  weight 
of  rails,  spikes,  and  joints  at  100  pounds  per  lineal  foot  of  track. 

6.  Loads:  The  structure  shall  be  figured  to  carry  in  addition  to  its  own 
weight  and  that  of  the  floor,  the  moving  load  for  each  track  approximating 
Cooper  E-60  loading  as  rectified  in  curves  of  uniform  load,  page  8.  In  com- 
puting for  live  load  use  the  conventional  method,  the  uniform  load  for  the 
segment  loaded  being  taken  corresponding  to  the  uniform  load  for  moment 
for  a  span  length  equal  to  the  length  of  the  loaded  segment.  Provision  for 
eccentricity  of  loading  shall  be  made  when  the  structure  is  on  a  curve. 

7.  The  Centrifugal  Force  of  the  Train  traveling  at  a  speed  commensurate 
with  the  curvature  shall  be  allowed  for  as  provided  in  Art.  10,  page  15. 

8.  Impact  Effect  shall  be  considered  and  added  to  the  maximum  strains 
resulting  from  the  above  live  loads  as  determined  by  the  following  formula :- 

L  140 

I=L( X ) 

D  +  L    A-f-100 

in  which  I  is  the  impact  strain,  L  the  live  load  strain  statically  determined, 
D  the  dead  load  strain  and  A  the  length  of  the  loaded  segment  which  pro- 
duces the  maximum  live  load  stress  L.  In  case  there  is  range  of  stress  from 
L I  tension  to  L<^  compression  the  formula  becomes  :- 

140 

I  =  ( )X(L"-hL.) 

A +  100 
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V(.  Lateral  Force  of  Wind  un  the  iitnicture  Mhail  Ik?  treated  an  a  unifurin 
load  of  JOO  |M)iindii  [ht  lineal  f«K)t  of  8pan  on  both  the  top  and  Imttom  chord 
of  tru--  ■  .  up  lo  2(K)  ft.  and  moving  winti  preiwure  on  the  train  at  300 
Ilia.  IV  '  ot.     Allow  twentv-fiv<'  |H>und.'<  jht  foot  additional  uniform 

winu  l«':iu  I'.i  .  ;iih  iniTrajw  of  50  ft.  in  .npan  al>ove  200  feet.  In  the  floor  of 
the  throtiKh  hriiig*-  or  derk  bridge  an  additional  sln^ar  on  the  latrraU  lohall 
Im-  i.n.viii.  .i  f,.r  .  Mil  il  to  the  «um  of  that  due  to  tho  uniform  wind  Ioa«l  plus 
('!  valent  uniform  load  sinsle  track  fully  loaded.     For  the 

toi  the  through  bridge  a  anear  in  addition  to  that  for  the 

untfitnu  wind  loati  t-oual  to  three  percent  of  the  oomprewtive  Mtrem  in  the  end 
chord  meml>er  for  all  paneU  to  provide  for  the  column  action  of  the  chords 
aa  latticed  by  this  bracing. 

10.  Bracing:  All  lateral  bracing  shall  t>e  made  of  stifT  membeni  capable 
of  taking  tcn.-'ion  and  compression.  The  greatest  slenderness  ratio  aball  not 
cxccf<l  1 10  L   K  in  any  lateral  ftrut. 

1 1.  Trestles:  In  addition  to  the  dead  live  and  wind  strain:*  before  speei- 
fic«|  a  lateral  force  of  one  hundred  pounds  for  each  vertical  lineal  foot  of 
trentle  l»ent  shall  l>e  provided  for  or  with  no  live  load  500  pounds  per  longi- 
tiidiiiHl  font  of  girders  acting  at  the  center  line  of  the  girders  in  conjunction 
with  the  iuteral  wind  force  of  100  pounds  per  verticd  foot  of  bent  above 
»l>ecified. 

12.  Longitudinal  Bracing  shall  be  figured  for  the  effect  of  suddenly 
stopping  the  train  at  any  point  considering  the  coefllieient  of  friction  of  the 
wheel.s  at  0.2. 

13.  Variation  of  Temperature  shall  l>e  provided  for  by  allowing  one  inch 
expansion  for  each  KM)  ft.  of  span  length. 

QUALITY  OF  STEEL 

14.  Materials:  Rolled  steel  shall  l>e  made  by  the  open  hearth  proceaa 
and  ea.«t  steel  by  the  electric  furnace  conforming  to  the  following  analvsis. 
( Kleetric  furnace  castings  are  si)ecified  as  such  castings  cost  no  more  anci  are 
free  from  the  blow  boles  and  defects  common  to  the  open  hearth.) 
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15.  Ladle  Analyses  shall  \ye  made  by  the  manufacturer  from  a  test  ingot 
taken  during  thi-  pouring  of  each  melt,  to  determine  the  |H'rcentage  of  earlwrn, 
manganese,  phosphorus  and  sulphur.  A  copy  of  this  analysis  t^hall  l>e  given 
to  the  punhawr  or  his  representative. 

Iti.  A  Check  Analysis  will  be  made  bv  the  purchaser  from  the  metal  at 
the  center  of  the  top  of  the  ingot  after  discard  in  which  case  the  tolerance 
for  sulphur  an«l  phosphorus  shall  not  exceed  by  more  than  twenty-five  per- 
cent the  alMive  limits  for  ladle  analysis. 

17.  An  Arbitrary  Discard  from  the  top  of  the  ingot  of  twenty-five  per- 
cent of  its  length  will  >>e  required  to  avoid  exeeaa  segregation,  and  the 
addition  of  i\  at.  of  aluminum  |M>r  ton  is  recommended  to  reduce  its  amount  to 
a  minimum. 

IK.  Physical  Properties:  The  steel  shall  lie  uniform  in  character,  have  a 
clean  Htm...th  fmifih  frcc  from  flaws.  The  tensile  strength,  'elastic  limit 
an'  on  shall  be  determined  from  aamplea  cut   fmm  the  finished 

m:i<  >r  rolling.     At  least  two  test  pieces  shall  lie  taken  from  each 

meli  Mild  from  each  different  shape  of  thickness  varying  by  ^-inch,  one  for 
tension  and  one  for  iH'uding. 
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All  samples  must  show  uniform  fine  grained  fractures  of  a  metallic  silver 
grey  color  free  from  fiery  luster  or  blackish  cast. 


Tensile  Properties 

Structural 

Rivet 

Castings 

*Desired  Ultimate  Strength,  lbs., 
per  sq.  in 

78,000 
1,600,000 
tens.  str. 

55% 

68,000 
1,600,000 
tens.  str. 

55% 

78,000 

fElongation  in  8  inches 

1,200,000 

tens.  str. 

50% 

Elastic  Limit  in  percent  of  ulti- 
mate strength 

*Permissible  variation  in  ultimate  strength,  4,000  lbs.  per  sq.  in. 

fFor  material  over  %!-inch  thick  a  deduction  of  1  from  the  specified 
percentage  will  be  allowed  for  each  1/8-inch  increase  over  5^-inches. 

*For  the  purpose  of  these  specifications,  the  Elastic  Limit  will  be  con- 
sidered the  least  strain  producing  a  visible  permanent  elongation  in  a  length 
of  8  inches,  as  shown  by  scribe  marks  of  a  pair  of  finely  pointed  dividers. 

If  the  yield  point  or  drop  of  the  beam  can  be  calibrated  for  any  machine 
and  its  speed  to  represent  the  elastic  limit  within  5  percent,  it  may  be  used 
for  general  cases.  Test  reports  must  state  by  which  method  the  elastic 
limit  was  determined. 

Bend  Test:  Samples  of  shapes  5/8-inch  in  thickness  shall  bend 
COLD  in  a  roller  bender  180°  about  a  2H-inch  pin  and  straighten  out  again 
without  sign  of  fracture  on  either  side.  Rivet  rod  shall  bend  180°  flat  with- 
out sign  of  fracture. 

Specimens  of  steel  castings  5/8-inch  thick  shall  bend  90°  around  a  pin  of 
2  inches  diameter. 

Tension  and  bend  test  specimens  from  steel  castings  shall  be  taken  cold 
from  test  bars  attached  to  the  castings,  or  from  the  sink  heads  where  of 
sufficient  size.     All  test  bars  shall  be  annealed  with  the  castings. 

19.  Variation  in  Weight  shall  not  exceed  23^  percent  from  that  specified 
except  in  the  case  of  plates: 

(a)  When  ordered  to  weight  for  thickness  3/8  and  over  2.5  percent  over 
or  under  for  widths  under  100  inches  and  double  this  tolerance  for  plates 
wider  than  100  inches. 

(b)  When  ordered  to  gauge  the  thickness  of  each  plate  shall  not  vary  more 
than  .01  inch  under  that  ordered. 

20.  The  Finished  Material  shall  be  free  from  injurious  seams,  slivers,, 
flaws  and  other  defects  and  shall  have  a  workmanlike  finish.  Plates  36 
inches  in  width  and  under  shall  have  rolled  edges. 

21.  Marking  with  the  name  of  the  manufacturer  and  the  melt  number 
shall  be  legibly  stamped  or  rolled  on  all  finished  material,  except  that  each 
pin  and  roller  may  be  stamped  on  the  end.  Rivet  and  lattice  steel  and  other 
small  pieces  shall  be  shipped  in  securely  fastened  bundles,  with  the  above 
marks  legibly  stamped  on  attached  metal  tags. 

22.  Inspection:  (a)  The  purchaser  shall  be  furnished  complete  copies 
of  mill  orders,  and  no  material  shall  be  rolled,  nor  work  done,  before  the 
purchaser  has  been  notified  where  the  orders  have  been  placed,  so  that  he 
may  arrange  for  the  inspection. 

(b)  The  inspector  representing  the  purchaser  shall  have  free  entry, 
at  all  times  while  work  on  the  contract  of  the  purchaser  is  being  performed, 
to  all  parts  of  the  manufacturer's  works  which  concern  the  manufacture  of 
the  material  ordered.  The  manufacturer  shall  afford  the  inspector,  free  of 
cost,  all  reasonable  facilities  to  satisfy  him  that  the  material  is  being  furnished 
in  accordance  with  these  specifications.  All  tests  and  inspections  shall  be 
made  at  the  place  of  manufacture  prior  to  shipment,  and  shall  be  so  con- 
ducted as  not  to  interfere  unnecessarily  with  the  operation  of  the  works. 


Work  INC  Strf.ssf.s  125 

23.  Pinal  Rejection:     Material   which,   »ul>«oqucnt    to  the  aljovc  tciiti* 

the    iiiillj*   ami    if."*   Hrreptanrc   thrre,   «ievrl«)|>rt    weak   »|M>ti«.   Iirittlrnom, 

Jen  or  uther  iin|»rrf«'ctioii.H,  «»r  in  fiiuiul  to  have  injurious  «li'f«'<'t«,  will  lie 

ted  at  the  shop  ami  shall  Ite  replarcil  l>y  the  maiiiifactur<>r  at    hiM  own 

PROPORTIONING  OF  PABi'S 

Jt.  The  Basic  Working  Stress  in  (le(*i|g;ninK  nienilH>rs  of  the  metal  alwvc 
sptTified  shall  be  1S,(XM)  iTis.  [mt  .square  inch  for  the  net  section  in  tension 
tHMidinK  block  conipres-uion  ami  l>earinK  <>n  l^"^  ''"*'  inside  Itenring  on  rivets. 
Shearing  stre.«*.s  on  shop  rivi-ts  and  webs  of  .simply  sujM»'"''«"d  ninlers,  9,(MK) 
lbs.  per  s(pinre  inch  l'<>i  i  ulumnR  under  detail  litiiit.iti<iii>  l.tti-r  outlined, 
the  working  stress  I'    \  -li.ill  t>c  r/2  in  the  formula 

1       I      (l+nfL» /ir»Ki«) 
in  which  f-»36.t)ou    t\M..    the  ba«ic  working  stress. sec  Art.  id,  Sec  IV);  n 
shall  \ie  taken  as  ■  ^  fur  angle  channel  and  l)OX  8ections  and  as  I  ;'.i  for  octagon 
sfctions,   l)eeause  free  from   twisting.       (The  curves  pages   13-14,  Sec.  IV, 
jirescnt  a  graphic  solutiim  for  both  cn.ses.) 

Members  Subject  to  Reversal  of  Stress  shall  l>e  designed  to  resist  lM)lh 
kind"*  of  .strcs.H  safely  without  reference  to  the  other  except  a*  provided  in  the 
Mii[i:i<'t  fornuiia. 

J.'>.  Combined  Stresses,  Axial  and  Bending,  due  to  dead  weight  shall 
not  exceed  the  allowable  axial  stiess.  Ueniung  due  to  dead  weight  of 
memlHTR  continuous  or  fully  spliced  over  panel  points  one-third  the  extreme 
fil»er  stress  computed  as  a  simple  l>eam,  will  be  added  to  axial  stress.  (Sec 
Fh'xure  «»f  Columns,  page  8,  S««e.  IV). 

2*>.  Combined  Chord  Stresses  due  to  wind  dead,  live,  and  impact  stresses 
may  excee«l  the  basic  ytre.H,st's  twenty-five  iM*rcent.  bttt  the  s«'ction  shall  not 
Im?  lesj«  than  rc<iuire«l  for  dead,  live,  and  impact  stres-ses  figured  for  the  basic 
strenHes  allowed  in  .Art.  24. 

27.  Shearing  on  fiehl  rivettt  shall  be  one-ninth  less  than  allowed  in  Art. 
24,  one  side  iK'aring  on  shop  or  field  rivets,  15,(HX)  |)ounds. 

2H.  Bearing  Pressures  on  machined  surfaces  of  sliding  expanaion  shoes 
1,000  lbs.  |>er  square  inch.  Bearing  pressures  on  concrete  ma-sonry,  600  IIjs. 
IM»r  square  inch,  on  granite  masonry,  K(M)  llw.  per  square  inch. 

29.  Plate  Girders  shall  be  i)roporti«med  by  considering  as  effective  depth 
the  distance  Iwtween  centers  of  gravity  of  the  flanges  and  the  effective  flange 
area  as  that  of  the  flange,  plus  omwighth  of  the  gross  wction  of  the  web. 
The  compression  flange  shall  have  the  sam«'  gro-ss  section  a*  the  tension  flange. 
The  area  of  the  wel)  in  square  inches  shall  Iw  such  that  the  external  shear 
f«)r<e  divided  by  the  area  does  not  exc«H«d  9,000  IImi.  for  simply  supiiorted 
girders,  nor  10,000  lbs.  for  continuous  girders. 

The  flange  section  (»f  continuous  stringers  may  l>c  six-tenths  that  for 
discontinuous  stringers  provided  end  panels  are  one-twelfth  less  in  lenjcth 
than  interior  panels,  the  compression  flange  being  milled  where  butting 
against  the  In-am  an<l  sniiced  with  a  fifty  |H'rcent  additional  area  of  plate 
and  the  tension  flange  spliced  with  twentv  |M«rcent  excess  area  <»ver  the  l>eam. 
Compretwion  flanges  shall  be  substantiallv  braced  at  intervals  not  exceeding 
10  feet. 

Web  plates  shall  be  stiffened  at  intervals  about  the  depth  of  the  girder 
apart  from  the  quarter  point  to  mi<l  span  with  chiser  spacing  toward  the 
HUp|>ort.  The  maximum  spacing  shall  pn-ferably  not  excei'd  five  and  a  half 
feet.  Web  plates  shall  l»e  sniiced  for  shear  ilistort ion,  i.  e.,  uniform  riveting 
not  less  than  three  lines  eaen  side  of  the  splice. 

StifTncr  angles  shall  Im»  riveted  to  the  web  in  pairs,  millet!  and  ground  to 
fit  sniigley  under  the  flanges  anti  for  intermediate  stinners  shall  n«»t  In*  lew 
than  tw«Ht birds  the  width  of  the  flange  angle  for  simply  sup|M»rted  girders, 
nor  half  the  width  <)f  the  outstanding  flange  for  continuous  girders.  At 
(Niints  of  iM-aring,  the  width  shall  Im»  greater  and  the  thickness  such  as  to 
develop  the  pro|)er  com|»ri»-ivr  niiittance. 

Shear  and  lM>aring  <■  m  plate  girder  flang<*s  shall  be  figured  to 

resist  (III- iiiiitiii-iit  ri!iiii.  .    Arit    10-11,  Chapter  X.\  IV  >. 
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DETAILS   OF  CONSTRUCTION 


30.  For  Stiffness  Depth  Ratios  of  L/D  shall  not  under-run  L/7  for 
discontinuous  stringers  nor  onc-clcvcnth  for  continuous  stringers  without 
reducing  the  basic  bending  stress  in  proportion  to  the  reduction  of  those 
depth  ratios. 

31.  Depth  Ratios  of  the  Floor  Beams  of  the  single  track  bridge  for 
E60  loading  shall  not  be  less  than  L/4,  nor  less  than  L/5  for  a  double  track 
span  without  reduction  of  the  working  stress  pro  rata. 

For  deck  plate  girders,  90  to  100  ft.,  L/10  to  L/11  will  be  satisfactory 
in  point  of  stiffness,  while  for  spans  intermediate  between  30  and  90  depths, 
intermediate  between  L/7  and  ET/IO  will  be  preferred. 

32.  For  Through  Single  Track  Spans  the  depth  should  not  be  less  than 
L/4  for  a  two  hundred  foot  span;  L/5  for  a  three  hundred  and  fifty  foot  span; 
L/6  for  a  five  hundred  foot  span;  L/7  for  a  six  hundred  foot  span  with  a 
center  to  center  of  trusses,  not  less  than  30'0".  For  Deck  Spans,  depth  ratios 
may  be  made  less  when  combination  floor  stringers  and  top  chords  are  used 
or  where  continuous  parallel  chord  trusses  are  adopted  but  not  under  L/10. 

33.  Panel  Lengths  for  main  trusses  may  be  as  long  as  the  section  and 
slenderness  ratios  of  the  chords  permits,  but  the  lateral  system  panels  shall 
not  exceed  one  and  a  quarter  times  the  distance  of  the  trusses  apart  nor  differ 
from  an  even  division  of  the  main  truss  panels. 

34.  The  Minimum  Thickness  of  Metal  shall  not  be  less  than  three- 
eighths  inches  except  for  fillers.  Metal  exposed  to  excessive  corrosive  action 
of  smoke  and  steam  in  over  head  crossings  shall  be  increased  or  protected 
by  concrete  covering. 

The  minimum  thickness  of  gusset  plates  for  main  truss  joints  shall  be 
nine-sixteenths  inches. 

35.  Connections  shall  develop  the  section  of  the  members  regardless  of 
the  computed  stresses  and  shall  be  made  substantially  sj'mmetrical  about 
the  axis  of  the  member. 

36.  The  Slenderness  Ratio  for  top  chords  shall  preferably  not  exceed 
65  L/R  with  a  limit  of  90  L/R  for  web  members  and  110  L/R  for  wind  and 
sway  bracing. 

37.  Compression  Members:  In  built  compression  members  the  metal 
shall  be  concentrated  in  the  flanges.  When  of  box  form,  the  lateral  radius 
of  gyration  shall  not  be  less  than  one  and  one-half  times  the  vertical.  The 
thicknesses  of  the  web  shall  not  be  less  than  one-thirtieth  the  distance  be- 
tween the  lines  of  rivets  connecting  it  to  the  flanges  when  the  flange  consists 
of  one  angle  or  less  than  one-thirtieth  of  the  distance  between  the  edges  of 
the  flanges  when  the  flange  consists  of  two  angles  riveted  to  the  web. 
The  same  requirements  shall  apply  to  the  cover  plate  that  applies  to  the 
vertical  web  but  the  one-thirtieth  of  the  distance  may  be  increased  to  one- 
forty-fifth  where  the  web  is  stiffened  by  cross  diaphragms  at  distances  not 
exceeding  140  thicknesses  of  the  metal  and  no  latticing  will  be  required 
providing  the  spacing  of  diaphragms  is  so  close  that  the  slenderness  ratio 
L/R  of  the  flange  between  diaphragms  does  not  exceed  40. 

All  compression  members  who  sections  are  connected  by  latticing  only 
or  by  diaphragms,  shall  have  tie  plates  as  near  the  end  as  practicable  of  a 
length  not  less  than  the  width  of  the  member  and  a  thickness  unless  stiffened, 
not  less  than  one-fiftieth  the  distance  between  the  rivets  connecting  them 
to  the  member.  Members  composed  of  two  channels  may  be  stayed  by 
single  lattice  bars  at  60  degrees  to  the  axis,  having  a  thickness  not  less  than 
one-fortieth  center  to  center  of  rivets,  or  by  double  lattice  at  45  degrees 
connected  by  rivets  at  the  intersection  of  a  thickness  not  less  than  one- 
sixtieth  the  distance  between  rivets  connecting  them  to  the  member  and 
their  width  shall  be 

For  15-inch  channels,  23/^-inch,  7/8-inch  rivets 
For  10  and  12-inch  channels,  2K-inch,  54-inch  rivets 
For  8  and  9-inch  channels,  2-inch,  5/8-inch  rivets 
For   larger  sections,  angle    or    shape  lacing  will  be  preferred    to    flats. 
Sections  which  are  latticed  four  sides  shall  preferably  be  laced  with  angles 
or  channel  shapes  at  60  degrees  to  the  axis  of  the  member.     The  riveting  of 


I 
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the  la«*itig:  for  wi'h  m(*ni)H>r»  Khali  Ih>  cnpnbic  uf  (U-vrlopiiiK  n  nhrar  p<|iial  to 
3  |M>n-ont  total  »«tn»!W  on  the  inomlM-r.  In  rase  four  anfclcM  niv  latticcfi 
tn-     '  .  form  th«'  ooriii)nv-  imIut,  th«>  fliinKi>M  mIiuII  h«>  tiiriii'il  in 

r  out  to  nMJucc  the  of  the  wrtion  to  twint.      Whrn*  thr 

Itii^oi  "•    '>hv  allele  lK'tw(M*ii   !.•< iiiiiTltoiiH  in  inori'  than  'M)  L,  U,  it 

shall  Im*  stayni  with  a  ca^t  lirarc  or  .strap.  (>utHl4Ui<iinK  alible  h'|t>«  in  <-<ini> 
prfHHion  Nhall  Im>  liniitod  to  eleven  thii'kneH.sc.s  for  iii^n  nieniix'nt  and  thirteen 
lhickiie."*.M'.s  for  .•^eeonilary  inenil)en«. 

3S.  Diaphragms:  At  all  |M>intM  where  floor  lieanui,  portala  or  other 
ItraeiuK  eonneet  with  the  jwptH  or  ehonls,  proiM>r  liiaphraKiuf  muMt  Ik*  inaerted 
to  distribute  the  loads  and  forces  over  the  full  section  f»f  these  posta  of  chords. 

30.  Joints  in  compression  chords  and  trestle  posts  shall  l>e  milled,  spliced 
on  all  sides  for  at  least  eight-tenths  of  the  compressive  strain  figured  thereon 
•leveloped  l»y  the  rivets. 

40.  All  Tension  Members  shall  l>e  stiff  mombera  with  a  vertical  depth 
II'  ' m  one-thirtieth  the  distance  Iwtween  horisontal  sup|>orts.  The 
ii-  I  if  riveted  members  shall  Im«  the  least  area  which  can  l>e  obtained 
1.  !ig  from  the  gross  sectional  area  the  areas  of  holes  cut  by  any 
ji  tidicular  to  the  axis  of  the  member  and  parts  of  the  areas  of  other 
li".        ..     :n'  side  of  the  plane  within  a  distance  of  four  inches,  which  arc  on 

f;agc  lines,  one  inch  or  more  from  thoac  of  the  holes  cut  by  the  plan,  the  parts 
ii-irig  determined  by  the  formula 

A(l-P/4) 

in  which  A  equals  the  area  of  the  hole,  P  the  distance  in  inches  of  the  cen- 
ter of  the  hole  from  the  plane. 

In  a  pin  connection  at  the  shoe,  the  end  section  acroM  the  pin  hole  shall 
not  be  less  than  one  and  on(>-third  times  the  net  section  elsewhere  and  the 
section  back  of  the  pin  shall  not  Im*  less  than  that  of  the  bo<ly  of  the  memlier. 

41.  Details  shall  be  Accessible  for  inspection,  cleaning  and  painting. 
Pockets  which  would  hold  water  shall  l)e  provided  with  drain  holes  or  filled 
with  concrete. 

42.  Expansion:  For  girder  spans  of  50  feet  and  under  ordinary  sliding 
plates  will  be  acceptable.  For  spans  more  than  Hi)  feet,  machine  surfaces 
of  the  bearing  plates  shall  be  provided  the  top  bearing  plate  to  be  scoreil  for 
lubrication  with  hard  grease  and  alemite  gun  connection  for  lubrication. 
Spans  over  100  feet,  the  shoe  shall  lie  of  cast  st«*el  provided  with  a  pin  con- 
nected to  the  truss,  the  bearing  to  Ik*  machined  and  scored  for  lubrication 
as  HiMwiTifil  for  the  shorter  soans  of  50  to  100  feet.  The  l>earing  shall  l»c 
gr  :>revent  lateral  displacement  and  the  finished  surfaces  given  a  coat 
ol  I'l  and  tallow  iM'fore  shipment  from  the  shop. 

43.  Pins  over  7-inchc8  in  diameter  shall  l>e  forged  and  bored  with  a  2<ineh 
hole  along  their  axis. 

44.  Rivets:  Minimum  pitch  of  rivets  shall  not  Ik*  less  than  three  diam- 
eters. The  edge  distance  1  }/<i  diameters  and  end  distance  not  less  than 
\^i  diameters.  The  pitch  shall  not  exceed  (W-inches  in  the  direction  of  the 
strain  or  sixte(*n  thicknesses  of  the  thinnest  plate  connected.  Fieltl  rivets 
for  the  floor  and  main  truss  connections  shall  not  I k' less  than  1  I /H-inch 
diameter.  The  minimum  rivet  pitch  shall  Im>  used  at  the  ends  of  all  built 
com|»ression  inendM-rs  for  a  distance  double  their  greatest  transverse  dimen- 
sion. I'nduly  long  rivets  of  more  than  four  and  a  half  diameters  shall  Im* 
avoided  either  by  increased  bulk  dimension  of  the  make  up  of  the  piece  or 
use    of    larger    diameter    rivets. 

45.  All  Trusses  and  Plate  Girders  Shall  be  Cambered  so  that  under 
maximum  live  load  anci  impact,  the  dr(l<>ition  Im*|ow  the  horisontal  shall 
not  exceed  one-fifth  of  the  total  d<'He«-lion 

46.  All  Spans  Shall  be  Anchored  to  the  Masonry,  for  50  fet*t  and  under 
bv  lH->icl>  iMilts  2  feet  long,  for  50  to  |(MI  fret,  1  |4-inch  nig  or  foxtail  UdtM 
2Vi-fe<>t  long  set  in  the  mas4inrv  with  hot  sul|diur,  for  spans  100  feci  and  up 
2-inch  iMdlsset  in  the  niojionry  *i*7-fe4*t. 
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SHOP  WORK 

The  Workmanship  shall  be  equal  to  the  best  general  practice  in 
modern  bridge  shops.  Shearing  and  chipping  shall  be  accurately  done  and 
all  portions  of  the  work  exposed  to  view  shall  be  neatly  finished.  Rolled 
material  before  l)eing  worked  must  be  straight,  gagging  or  straightening 
where  necessary  shall  be  done  in  a  manner  that  will  not  seriously  injure  the 
material. 

47.  Holes  shall  be  drilled  in  metal  more  than  ^-inches  thick.  Metal 
under  ^-inches  thick  may  be  sub-punched  three-sixteenths  smaller  than 
the  nominal  diameter  of  the  rivet  and  drilled  to  one-sixteenth  larger  size 
with  a  twist  drill.  Outside  burrs  shall  be  rymmered  making  a  one-sixteenth 
inch  fillet.  Sub-punching  shall  be  accurately  done.  Inaccurate  or  badly 
punched  pieces  may  be  rejected.  Drilling  whether  through  solid  metal  or 
sub-punched  metal  shall  be  done  after  the  pieces  forming  the  member  are 
assembled  and  so  firmly  bolted  together  that  the  surfaces  are  in  close  con- 
tact. No  interchange  of  drilled  parts  will  be  permitted  when  it  is  necessary 
to  take  the  member  apart  for  shipping. 

48.  In  Assembly  for  Riveting,  the  parts  shall  be  firmly  bolted  and-pinned 
together  before  riveting  is  commenced.  Surfaces  in  contact  shall  each  be 
given  two  coats  of  shop  paint  before  riveting. 

49.  Stringer  and  Floor  Beam  Connections  may  be  sub-punched  and 
drilled  through  a  metal  templet  l^-inch  in  thickness  so  that  all  such  con- 
nections will  be  absolutely  interchangeable. 

50.  Field  Connections  of  main  truss  members  shall  be  assembled  and 
drilled  in  position.  The  parts  thus  assembled  shall  be  match  marked  in  the 
shop  and  diagrams  showing  such  marks  shall  be  furnished  the  engineer  for 
inspection  during  erection. 

51.  Riveting:  Rivets  shall  be  heated  uniformly  to  a  light  cherry  red 
whether  in  shop  or  field  and  driven  while  hot.  Loose,  burned  or  otherwise 
defective  rivets  shall  be  replaced,  care  being  taken  not  to  injure  the  adjacent 
metal  and  if  necessary  they  shall  be  drilled  out.  Calking  and  recupping  will 
not  be  allowed.  Shop  rivets  shall  be  driven  by  direct  acting  riveters  which 
retain  the  pressure  after  the  upsetting  is  complete.  Field  rivets  shall  be 
driven  by  a  pneumatic  hammer  of  ample  weight  for  the  size  of  rivet  used. 
Rivet  heads  shall  be  full  neatly  made,  concentric  to  the  rivet  hole  and  in 
full  contact  with  the  surface  of  the  member. 

52.  Finished  Members  shall  be  straight  and  out  of  wind. 

53.  Floor  beams,  stringers  or  girders  having  end  connection  angles  shall 
be  milled  to  exact  length  after  the  connection  angles  are  riveted  on. 

SHOP  PAINTING 

54.  After  the  shop  work  has  been  inspected,  the  member  shall  be 
thoroughly  cleaned  of  loose  dirt  and  scale,  oil,  parafin  and  grease  being  re- 
moved with  benzine  or  gasoline.  It  shall  then  be  given  a  coat  of  approved 
shop  paint  applied  uniformly  and  well  worked  into  joints  and  open  spaces. 
At  the  time  of  application  of  the  paint,  the  steel  must  be  free  from  moisture 
or  frost  and  the  coat  shall  not  be  applied  in  damp  or  freezing  weather  except 
under  cover  and  then  shall  be  kept  under  cover  until  the  paint  is  dry. 

55.  The  Shop  Paint  Shall  be  Mixed  in  the  proportion  of  five  pounds 
sublimed  blue  lead,  three  ounces  of  lamp  black  and  two  quarts  of  boiled 
linseed  oil.  Field  paint  shall  preferably  consist  of  two  coats  of  polished 
aluminum  paint  mixed  with  the  vehicle  manufactured  by  the  Tower  Prod- 
ucts Company,  or  equal.  The  paint  shall  contain  two  pounds  of  aluminum 
powder  to  one  gallon  of  the  vehicle. 

SHOP  INSPECTION 

56.  Facilities  for  the  inspection  of  material  and  workmanship  in  the 
shop  shall  be  accorded  the  inspector  by  the  contractor  and  he  shall  be  allowed 
free  access  to  all  operations  and  parts  of  the  premises  where  the  work  is  being 
conducted.  Ample  notice  shall  be  given  the  engineer  inspector  of  the 
commencement  of  work  at  the  shop  so  that  inspection  may  be  provided.  The 
inspector  shall  be  furnished  copies  of  all  lists,  shop  detail  drawings  and 
instructions  regarding  the  work  to  the  shop  by  the  manufacturer. 
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WEIGHING  AND  SHIPPING 

57.  Payment  for  Pound  Price  Contracts  nhall  \*e  Inuied  on 
of  the  in«>tai  ui  tht*  fal'r  iri«  inrludinfc  firld  ri' 

iltht  of  fit'lil  puint.  h<t\  r  parkinK  and  mat, 


thr  wale 
for 

MfO 


It*  in   wi 

To     th.  ^        „.  . 

II.  I  J»e  a»ld<  the  allowable  over  run  of  the  Manufacturer' d 

>!■  'ii.H.      In  .1  .  en  jHTft-nt  for  fillets  and  ovrr  run  «»f  raj*tinK» 

will  In-  >  uinpillod 

.SH.  Mi'inlwrf  \v<igliii»tj  innri'  than  txvr  Iuii>  -hail  hav«>  the  w<i|{!it  marked 
th«T»'on.  Bolts  and  rivets  «»f  eat-h  leiiKth  and  diaineter  shall  Im»  narked 
.-rparatelv.  Also  nuts.  washi>rs,  pins  and  small  parts.  They  shall  Ik*  snipped 
in  lx>xe«,  \eg»  or  barr.  '     '         '  . '  '  of  any  package  shall  not  exceed 

300  pounds.     A  list  il  and  wcJKht  thereof  shall  be 

pininly  mark"'!  on  th<       .  .  .c  ■  or  harrcl 


TA 

T8 
v.$ 


Turner,  Claode  Allen  Porter 

Elasticity  axid  strength 
of  materials  in  construction 


^•icin«€rinl 
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